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EVALUATION OF CHEMICAL COMPOSITION OF ESSENTIAL OIL
AND TOXIC METAL ACCUMULATION OF TARRAGON (ARTEMISIA
DRACUNCULUS L.) CULTIVATED ON METAL-CONTAMINATED SOILS
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Abstract

This study evaluates the quality of tarragon essential oil, toxic metals content, and the growth potential of tarragon on
heavy metal-contaminated soils. Tarragon demonstrated tolerance to toxic metals and can be cultivated on highly
polluted soils. The levels of toxic metals in tarragon essential oil were below the Maximum Permissible Concentrations.
Based on translocation and bioconcentration coefficients, tarragon is a Cd, Pb, Zn and Hg excluder and suitable for
phytostabilization. Tarragon essential oil exhibits a mixed sabinene/elemicin/isoelemicin/methyleugenol chemotype and
could be used in the pharmaceutical, cosmetic, and related industries.

Key words: essential oil, phytoremediation, polluted soils, tarragon, toxic metals.

INTRODUCTION first harvest occurs in the same year, and in
subsequent years, up to three harvests per
Artemisia dracunculus L., commonly known as season are possible. The harvested material is
tarragon, is a perennial plant belonging to the dried using natural air circulation or heated to
Asteraceae family. Tarragon is widespread across ~ 35°C before the leaves are separated from the
North America, Europe, Southeastern Russia, stems (Aglarova et al., 2008; Obolskiy et al.,
Central Asia, Turkey, and Mongolia (Aglarova 2011).
et al., 2008; Fildan et al., 2019; Sharopov et al., Tarragon essential oil, a pale yellow to amber
2020). It is cultivated in Europe, Russia, Asia, liquid with a spicy scent, is extracted from the
Africa, and North America and is widely used  plant's aerial parts during flowering (Fildan et
in food flavoring, medicine, and perfumery al., 2019). Traditionally, it has been valued for
(Obolskiy et al., 2011; Fildan et al., 2019; a wide range of therapeutic properties,
Sharopov et al., 2020). including antioxidant, antimicrobial,
Tarragon is a small perennial shrub that grows antidiabetic, and anti-inflammatory effects
120-150 cm tall. Its alternate leaves measure 2- (Obolskiy et al., 2011; Fildan et al., 2019;
6 cm in length and 1-8 mm in width, often Sharopov et al., 2020).
covered with fine hairs and featuring smooth or Certain medicinal plants, such as mint, St.
slightly toothed edges. The plant produces John's wort, and sage, are known to accumulate
small yellow flowers with whitish petals, significant amounts of toxic heavy metals in
arranged in globose, inclined baskets that form  their tissues. These plants can be used for
broom-shaped racemes. The entire herb is phytoremediation, serving as an alternative to
green and mossy, with a pleasant aroma and  food crops grown in contaminated conditions.
taste, and flowers in the second half of summer. The concentrations of plant by-products depend
Tarragon thrives in various environments but on growing conditions, influencing metabolic
produces the highest yields in moist, sandy  pathways responsible for the synthesis of
loam soils with an alkaline reaction. Depending natural compounds (Akula & Ravishankar,
on the variety, it can be propagated by seed 2011). Heavy metals can significantly alter the
(Russian tarragon) or rhizome cuttings (French chemical composition of secondary metabolites
and German tarragon). In Europe, plantings are in aerial plant parts, affecting the quality,
established in April, with cuttings placed 60 cm safety, and efficacy of plant-derived products.
apart and covered with a thin layer of soil. The
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Although the composition of tarragon essential
oil is well studied, limited information is
available on toxic metal accumulation in
tarragon’s aboveground biomass and essential
oil when grown on contaminated soils.

This study aims to conduct a comparative
analysis  to  determine  heavy  metal
accumulation, macro- and trace element
deposition in the vegetative organs of tarragon,
and the quality of its essential oil. Additionally,
this study explores the feasibility of cultivating
tarragon on heavy metal-contaminated soils.

MATERIALS AND METHODS

This experiment was conducted on an
agricultural field contaminated with Zn, Pb,
and Cd, located 0.5 km from the Non-Ferrous
Metals Plant (NFMW) near Plovdiv, Bulgaria.
Tarragon seedlings were purchased and planted
in the spring at sites 0.5 km from the pollution
source. In the second and third years after
planting, plants were collected and analyzed.
Tarragon was hand-harvested at the flowering
stage in late August. After transport to the
laboratory, plants were separated into indivi-
dual organs (roots, stems, leaves, and flowering
tops) using scissors. Samples were air-dried at
room temperature until reaching a stable dry
mass, followed by further drying at 35°C. The
concentrations of metals in different plant parts
- roots, aboveground mass (stems and leaves),
and flowering tops - were determined.

Tarragon essential oil was extracted under
laboratory conditions via steam distillation for
2 hours using a Clevenger-type apparatus.

The pseudo-total metal content of soils was
determined following ISO 11466. The
microwave mineralization method was used to
measure metal concentrations in tarragon and
its essential oil. Quantitative measurements
were performed using ICP (Jobin Yvon
Emission - JY 38 S, France). Hg content was
analyzed without sample pretreatment using a
mercury  analyzer. The accuracy and
performance of the ICP and mercury analyzer
were validated wusing standard reference
material from apple leaves (SRM 1515,
National  Institute = of  Standards and
Technology, NIST).

The chemical composition of the essential oil
(diluted in hexane, 1:1000) was analyzed using

an Agilent 7890A gas chromatography (GC)
system equipped with an FID detector and an
Agilent 5975C mass spectrometer. Compounds
were identified by comparing retention times
and Kovats retention indices (RI) with standard
substances and mass spectral data from the
NIST'08 library (National Institute of Standards
and Technology, USA).

RESULTS AND DISCUSSIONS

Soil Characteristics

The soils in the study area have a neutral to
slightly alkaline reaction (pH = 7.5), with
moderate organic matter content (2.1%) and
average nutrient levels (P, K). The total Zn, Pb,
and Cd concentrations are significantly
elevated, measuring 2423.9 mg/kg Zn, 2509.1
mg/kg Pb, and 63.7 mg/kg Cd, far exceeding
the maximum permissible concentrations
(MPC) of 400 mg/kg Zn, 100 mg/kg Pb, and
3.0 mg/kg Cd (Table 1).

Table 1. The total content of Pb, Zn, Cd (mg/kg) and Hg

(pg/kg) in soils
Element Pb Zn Cd Hg
Total, 2509.1+£6.5 | 2423.9+4.5 63.7+1.8 488.0£13
x£sd
MPC 100 400 3.0 1.5

18

x =mean value (mg/kg) from five repetitions; sd = standard deviation

Metal content in tarragon

Table 2 presents the results obtained for the
toxic metals and nutrient contents in the organs
of the essential oil crop studied. The Pb content
in tarragon roots reached 141.8 mg/kg, while
Zn, Cd, Hg, Cu, Fe, and Mn levels were
50.9 mg/kg, 3.9 mg/kg, 48.3 ng/kg, 7.1 mg/kg,
157.8 mg/kg, and 5.6 mg/kg, respectively.
These results can be attributed to tarragon’s
anatomical and biological characteristics. The
plant's rhizomatous root system consists of
thick, lignified, serpentine rhizomes with a
dense network of thin, branched roots
extending 30-45 cm deep. This structure
enhances nutrient and water absorption,
allowing tarragon to thrive in various soil
conditions.

The movement and accumulation of toxic
metals in tarragon's vegetative organs varied
significantly. Notably, Pb  was highly
accumulated in the aerial parts, reaching
1144.1 mg/kg in leaves. Typically, plants
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absorb only a small fraction of Pb from soil,
with most Pb retained in the roots. However,
findings suggest that tarragon efficiently
translocates Pb to aboveground tissues, likely
due to its anatomical and morphological
features. Leaf hairs may contribute to Pb
fixation from airborne pollutants.

Cadmium, known for its high mobility in
plants, was present at 39.0 mg/kg in tarragon
leaves, exceeding the toxic threshold of
5.0 mg/kg (Kabata-Pendias, 2001). Similarly,
Hg accumulation in tarragon was attributed
primarily to aerosol deposition, as leaves are
the primary uptake site, with soil absorption
being secondary. Hg concentrations were
higher in the aerial parts and flowering tops
than in the roots.

The Zn content in tarragon leaves reached
556.1 mg/kg, below the phytotoxic threshold of
500-1500 mg/kg (Kabata-Pendias, 2001). The
Cu concentration in leaves was 74.3 mg/kg,
exceeding the toxic range for most plants (25-
40 mg/kg). Fe accumulated mainly in leaves
(396.3 mg/kg), surpassing normal plant values
(50-250 mg/kg), while Mn levels (56.5 mg/kg)
remained well below phytotoxic thresholds
(400-2000 mg/kg).

Most macroelements accumulated in tarragon’s
aerial parts. In leaves, P, K, Mg, and Ca levels
reached 1590.1 mg/kg, 9843.0 mg/keg,
540.4 mg/kg, and 2387.0 mg/kg, respectively.
In flowering tops, these concentrations were
significantly higher: 5062.1 mg/kg P, 24,233.6
mg/kg K, 2536.6 mg/kg Mg, and 16,9154
mg/kg Ca.

Despite accumulating heavy metals at levels
exceeding critical toxicity thresholds, tarragon
exhibited no visible symptoms of heavy metal
toxicity, indicating a high level of tolerance.
Heavy metal and nutrient accumulation was
significantly higher in flowering tops than in
leaves, except for Pb and Zn. In flowering tops,
Pb reached 932.8 mg/kg, Zn 304.8 mg/kg, Cd
35.1 mg/kg, and Hg 78.2 pg/kg.

Overall, metal distribution in tarragon was
selective, primarily depending on the plant
organ and its surface characteristics. Heavy
metals and micro- and macroelements were
predominantly accumulated in leaves and
flowering tops (Figure 1).
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Table 2. Content of toxic metals
and nutrients (mg/kg) in tarragon

Roots Stems Leaves Flo:(:’le]l;ing
Pb 148.8+1.2 45.3+0.3 1084.7+2.6 932.8+2.0
Cd 3.9+0.1 15.5+0.2 39.0+0,,5 35.140.5
Zn 50.9+1.3 68.5£1.5 556.1+8.7 304.6+4.6
Cu 7.1+0.8 13.3£1.0 74.3£3.5 79.5+3.8
Fe 57.8+0.8 166.9+3.4 396.3+4.6 4790.1+8.9
Mn 5.6+°0.5 16.0+1.0 56.5+1.8 232.242.6
P 493.0+£5.5 675.8+5.9 1590.1+9.8 5062.1+12.7
Ca | 1420.4+8.8 | 2387.0+10.8 | 16915.3+25.0 | 19226.8+26.0
Mg | 216.7+1.9 540.4+2.8 2536.6£10.6 | 4616.8+12.7
K | 5751.548.7 | 9843.0£9.8 24233.6£23.0 | 36562.5+26.9
Hg* | 48.3+3.8 45.0+4.5 284.7+10.0 78.2+7.1

x - average value (mg/kg) from 5 repetitions; sd - mean standard

deviation; *- ng/kg.

Mn P

Ca Mg K

W Roots W Stems Leaves M Flowering tops

Figure 1. Distribution of toxic metals
and nutrients in tarragon

Toxic Metal Content in Tarragon Essential
oil

The toxic metal content of tarragon essential oil
was also analyzed. The results indicate that
most metals present in flowering tops do not
transfer into the oil during distillation.
Consequently, their concentrations in the oil
are significantly lower. The Pb content in
tarragon essential oil reached 0.27 mg/kg, and
Zn 1.09 mg/kg, while Cd and Hg levels were
below the detection limits of the analytical
method.

These findings strongly suggest that a
substantial portion of metals present in tarragon
flowering tops does not pass into the essential
oil. Furthermore, the levels in the oil remain
below the accepted maximum limits for an
environmentally safe product (5 mg/kg Pb,
1 mg/kg Cd, 0.1 mg/kg Hg) as per the Council
of Europe (2021).
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These results confirm previous findings by
Angelova et al. (2015), which demonstrated
that the heavy metal content in essential oils
remains ~ minimal, regardless of  soil
contamination levels. This is primarily due to
the high molecular weight and non-volatile
nature of heavy metals, preventing their
concentration during the distillation process.

Phytoremediation potential of tarragon

The phytoremediation efficiency of tarragon
was evaluated using the Bioaccumulation
Factor (BCF) and Translocation Factor (TF).
These indices are commonly used to assess
plant-based remediation potential and depend
on factors such as soil conditions, plant species,
and heavy metal bioavailability.

The coefficients were calculated using the
following equations:

° Translocation Factor (TF):
Cshoots
TF = ——
Croots
where:

- Cshoots represents the heavy metal content
(mg/kg) in the aerial parts (stems, leaves,
flowering tops);

- Croots represents the concentration in the
roots (mg/kg).

o Bioaccumulation Factor (BCF):
Cplant parts
BCF = —Ptant parts
Csoil
where:

- Cplant parts represents the heavy metal
content (mg/kg) in various plant organs (roots,
stems, leaves, flowering tops);

- Csoil represents the heavy metal
concentration in the corresponding soil
(mg/kg).

A plant species is considered suitable for
phytoextraction when its translocation factor
(TF) > 1. If TF < 1, the plant is more suitable
for phytostabilization.

The results indicate that tarragon exhibits high
translocation potential for heavy metals: Pb: TF
=8.15; Cd: TF =9.96; Zn: TF = 10.93; Hg: TF
=5.89.

The bioaccumulation factor for roots
(BCFroots) was calculated as follows: Pb:
BCFroots = 0.059; Cd: BCFroots = 0.061; Zn:
BCFroots = 0.021; Hg: BCFroots = 0.099 and
is presentet in Tabel 3.

Table 3. Bioaccumulation (BCF) and translocation (TF)
factors for tarragon

TF BCFroots BCFleaves BCF tops
Pb 8.15 0.059 043 037
Cd 9.96 0.061 0.61 0.5
Zn 10.93 0.021 022 0.13
Hg 5.89 0.0995 0.38 0.16
For flowering tops, the BCF values were all

below 1, indicating limited metal accumulation
in this plant part (Table 4).

Table 4. Composition of tarragon oil (%)

Comp t RI % of TIC
1 a-Thujene 924 0.233
2 a-Pinene 939 0.428
3 Sabi 969 21.414
4 B-Pinene 979 0.671
5 B-Myrcene 991 1.615
6 a-Phellandrene 1005 0.119
7 a-Terpinene 1018 0.412
8 p-Cymene 1026 0.191
9 Limonene 1029 0.963
10 B-Phellandrene 1032 0.146
11 cis-beta-Ocimene 1040 2.244
12 trans-beta-Ocimene 1050 3.529
13 y-Terpinene 1062 0.745
14 cis-Sabinene hydrate 1065 0.363
15 Terpinolene 1086 2.342
16 beta-Linalool 1097 0.179
17 trans-Verbenol 1141 0.068
18 Terpinene-4-ol 1177 0.761
19 Estragol 1186 0.446
20 B-Citronellol 1211 0.227
21 Citronellyl acetate 1354 2.565
22 Geranyl acetate 1383 1411
23 Methyleugenol 1402 13.107
24 B-Caryophyllene 1419 0.236
25 a-Humulene 1454 0.115
26 y-Curcumene 1481 0.382
27 Germacrene D 1484 3.923
28 Methyl isoeugenol 1490 2.734
29 Bicyclogermacrene 1500 2.597
30 Elemicin 1557 17.429
31 trans-Nerolidol 1563 0.587
32 Isoelemici 1570 15.259
33 (-)-Spathulenol 1578 1.076
34 Caryophyllene oxide 1581 0.162
35 a-Cadinol 1652 0.136
36 Farnesol 1722 0.244
Total 99.059
Qil content, % 1.1

20

RI - Kovacs relative indices

BCF for leaves reflects the plant's ability to
absorb and transfer metals to the leaves, which
can be harvested for remediation purposes. The
classification of plants based on BCF values is
as follows: BCF < 1: Excluder; BCF = 1:
Indicator; 1 < BCF < 10: Accumulator; BCF >
10: Hyperaccumulator. The BCF values for
tarragon leaves were: Pb: 0.43; Cd: 0.61; Zn:
0.23; Hg:0.58. These results suggest that
tarragon functions as an excluder of Cd, Pb,
Zn, and Hg when grown in contaminated soils.
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Previous studies support the findings of
Kocaman (2022) classified tarragon as an
accumulator of Pb and Cd (1<Cd-Pb<10) and
an excluder of Hg (Hg<1). Ghasemidehkordi et
al. (2018) reported Pb bioaccumulation in
Artemisia dracunculus L. in Iran. Ozyigit et al.
(2018) found that tarragon accumulates low
levels of Cd and has not been identified as a
heavy metal accumulator.

Essential oil quality
The quantity and composition of tarragon
essential oil are influenced by genetic factors,
phenological  stage, and environmental
conditions (e.g., soil composition and light
intensity).
The essential oil yield varied between 0.15%
and 3.1%, with the highest concentrations
occurring at the beginning of flowering (Fildan
et al., 2019). The results from this study align
with previous reports.
In total, 36 components were identified in
tarragon essential oil, primarily belonging to
the terpene group (monoterpenes and
sesquiterpenes) and phenylpropanoids, which
together accounted for 99.059% of total oil
composition (Table 4). The dominant
compounds (>10%) were: Sabinene (21.414%),
Elemicin (17.429%) Isoelemicin (15.259%),
Methyleugenol (13.107%).
Based on functional group classification,
tarragon oil was composed of:

- Phenylpropanoids: 48.975%

- Monoterpene hydrocarbons: 35.052%

- Sesquiterpene hydrocarbons: 7.253%

- Oxygenated monoterpenes: 5.574%

- Oxygenated sesquiterpenes: 2.205%.
The main phenylpropanoids in essential oil are
elemicin (17.429%), isoelemicin (15.259%),
methyleugenol (13.107%), methyl isoeugenol
(2.734%). The amount of phenylpropanoid
compounds in tarragon oils varies widely
(25.4% (Sharopov et al., 2020), 36.41% (Fildan
et al., 2019), 51.93% (Varban et al., 2023),
52.2%, (Lopez-Lutz et al.,2008), 62.2%
(Zawislak and Dzida, 2012), 73.3% (Fraternale
et al., 2015).
Variation in methyleugenol composition was
found (0.2% (Fraternale et al., 2015), 6.2%
(Zawislak and Dzida, 2012), 9.09% (Fildan et
al., 2019), 13.107% (this study) 29.19%
(Varban et al., 2023). The content of
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methyleugenol depends on the phenophase,
with the highest content identified in
A. dracunculus in mass flowering (Khodakov
et al. 2009). The content of elemicin also varies
widely (7.95% (Fildan et al., 2019), 11.43%
(Varban et al., 2023), 17.429% (this study),
56.0% (Zawislak and Dzida, 2012). Elemicin
has antimicrobial, antioxidant, antiviral and
psychoactive effects, and there is no significant
difference in its content at the growth stages of
tarragon (Varban et al, 2023). Significant
differences were also found in the content of
estragole (methyl chavicol) (phenylpropanoid
compound) (0.446% (this study), 3.9%
(Russia), 16.2% (Canada) (Obolskiy et al.,
2011), 24.6% (Sharopov et al., 2020), 73.3%
(Italy, Fraternale et al., 2015), 82% (USA,
Obolskiy et al.,, 2011). This compound is
considered a key component of French tarragon
oil (>80%) (Sharopov et al., 2020).
Monoterpenes belong to the second primary
chemical class of oil constituents, which reach
40.626% of the total oil composition. The
amount of monoterpene hydrocarbons reaches
35.052%, of which sabinene (21.414%), trans-
beta-ocimene (3.529%), terpinolene (2.342%),
cis-beta-ocimene (2.244%), B-myrcene
(1.615%).

Sabinene is a significant component in tarragon
essential oils from different geographical
origins (Sharopov et al., 2020). It was found in
high concentrations in the essential oil of 4.
dracunculus growing in Tibet (Chinal (19.2%,
Liu et al., 2018), Lithuania (14-25%, Sharopov
et al., 2020), Romania (9.44-42.4%, Fildan et
al., 2019; Varban et al., 2023), Kazakhstan
(20.2%, Suleimenov et al., 2010), Poland
(20.9%, Zawislak and Dzida, 2012), Tajikistan
(29.1%, Sharopov et al., 2020), while in India —
trace amount (Verma et al., 2010).

The number of oxygenated monoterpenes
reaches 5.574 % of the total composition of the
oil. The main oxygenated monoterpenes are
citronellyl acetate (2.565%) and geranyl acetate
(1.411%).

The sesquiterpenes reach 9.458%. The amount
of sesquiterpene hydrocarbons reaches 7.253%.
Germacrene D (3.923%) and
bicyclogermacrene (2.597%) are the main
components that predominate in this group.

The amount of oxygenated sesquiterpenes
reaches 2.205% of the total oil composition.
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The oil contains (> 1.0 %) caryophyllene oxide
(1.076%).

The results show significant differences in the
composition of oils obtained from different
geographical locations. Studies have shown
significant differences in the composition of
tarragon essential oil. These differences in the
chemical composition of the essential oil
extracted from the aerial parts of
A. dracunculus may be due to environmental
conditions (Fildan et al., 2019), habitat, soil
pH, plant part used, extraction method applied,
and other factors such as genotypes and
ontogeny (Obolskiy et al., 2011; Fraternale et
al., 2015; Fildan et al., 2019). According to
Ekiert et al. (2021), the main components in the
essential oil of A. dracunculus are estragole
(40-85%)), sabinene  (up to  35%),
methyleugenol (up to 25%) and elemicin (up to
57%). The essential oil of tarragon from
Tajikistan is characterised mainly by sabinene
(29.1%), and estragole (24.6%), the oil from
Turkey contains Z anethole (81.0%) (Kordali et
al., 2005), the oil from Cuba - elemicin (53.0%)
and methyleugenol (17.6%) (Pino et al., 1996),
the oil from Iran - anethole (21.2%), E-(B)-
ocimene (22.6%) and limonene (12.4%)
(Sayyah et al., 2004). The Russian tarragon oil
is rich in sabinene (39.4%), elemicin (16.0%),
methyl eugenol (14.7%) and iso-elemicin
(7.7%), while the French tarragon oil has the
main component methyl chavicol (68.6%)
(Arabhosseini et al., 2006).

Based on 30 components of 105 essential oils
of different geographical origins, Sharopov et
al. (2020) established 7 main chemotypes of
tarragon essential oil. The results show that the
essential oil of 4. dracunculus belongs to the
mixed chemotype variation without a dominant
component. Tarragon essential oil s
characterised by a mixed sabinene/elemicin/
isoelemicin/methyleugenol chemotype.

CONCLUSIONS

Based on the results obtained, the following
key conclusions can be drawn:

1. Toxic metal tolerance and phytoremediation:
Tarragon is tolerant to toxic metals and can be
cultivated on highly contaminated soils (2423.9
mg/kg Zn, 2509.1 mg/kg Pb, and 63.7 mg/kg
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Cd). It is effective for phytoremediation of soils
contaminated with heavy metals.

2. Heavy metal excluder: Tarragon functions as
a Cd, Pb, Zn and Hg excluder when grown in
contaminated environments.

3. Metal and nutrient uptake: There is a distinct
pattern in the absorption and distribution of
heavy metals, microelements, and
macroelements between the vegetative and
reproductive organs of tarragon

4. Essential oil safety: The levels of Pb, Cd, Zn,
and Hg in tarragon essential oil, cultivated 0.5
km from NFMW-Plovdiv, were below the

Maximum Permissible Concentrations. This
makes the oil suitable for wuse in the
pharmaceutical,  cosmetic, and  related
industries.

5. Essential oil composition: phenylpropanoids
(48.975%) are the predominant components in

tarragon oil, followed by monoterpene
hydrocarbons (35.052%), sesquiterpene
hydrocarbons (7.253%)), oxygenated
monoterpenes  (5.574%), and oxygenated

sesquiterpenes (2.205%).

6. Chemotype classification: Tarragon essential
oil from the NFMW-Plovdiv region exhibits a
mixed
sabinene/elemicin/isoelemicin/methyleugenol
chemotype.
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Abstract

This study aims to evaluate the feasibility of obtaining energy from waste biomass. The potential of waste biomass from
aromatic plants, left after the production of essential oils, was assessed. The calorific value, ash content, volatile
compounds, and moisture content were determined. Elemental analysis of the waste biomass was conducted to measure
the C, H, N, and S contents. The results indicate that residual waste has significant potential as a quality feedstock for
solid biofuel production. Compared to coal, the calculated emission factors demonstrate a reduction in CO and CO2
emissions by up to 30%, NOx by up to 80%, SO2 by up to 99%, and dust by up to 67%, depending on the waste used.
When selecting suitable waste for energy production, it's essential to balance calorific value and emission factors. If
energy efficiency is the priority, lavender, tansy, and thyme waste may be preferred. However, for sustainability and
lower environmental impact, common sage waste could be the better choice. It's important to consider the specific
context, including regulations and energy needs, when making a final decision.

Key words: biofuel, elemental analysis, emission factors, waste.

INTRODUCTION Giacometti et al., 2018; Kant & Kumar, 2022).
The area dedicated to essential oil production
In recent years, alternative energy sources in the European Union is steadily increasing,
characterized by low emissions, including reaching approximately 80,000 hectares (Maj et
greenhouse gases and dust particles, have been al., 2020). In recent years, global trade in
increasingly sought after (Kimming et al.,  medicinal and aromatic plants has grown by
2015; Obernberger et al., 2017). Waste plays a 10-12% annually (Chandra & Sharma, 2019).
crucial role in the European Commission's Consequently, waste generation in this industry
strategy for energy security and greenhouse gas has also increased, reaching up to 30 million
(GHG) emission reduction. As a renewable tons annually (Wei et al., 2022).
energy source, the use of waste biomass has A substantial amount of waste biomass is
been expanding worldwide, primarily for generated during harvesting, pre-processing,
household heating as an alternative to fossil drying, collection of harvested crops, and plant
fuels (Lasek et al., 2018; Pastorello et al., feedstock processing. After essential oil
2011). The demand for plants with high extraction, solid residue remains, which can be
productivity, low nutrient requirements, and  utilized for fuel energy production through
valuable biological composition for various pyrolysis,  gasification, or hydrothermal
bioeconomic applications is of utmost  carbonization processes (Mastellone, 2015).
importance. Perennial plants, in particular, Despite containing valuable substances, these
offer advantages by reducing production costs  residues are often discarded through
and energy inputs compared to annual field  stockpiling, landfilling, or open field burning,
preparation and planting. Additionally, such a leading to resource waste and significant
biomass production system can enhance environmental pollution (Wei et al., 2022;
ecosystem  services and  support  soil Marcelino et al., 2023).
conservation, aligning with the concept of "low Despite the strong economic potential of
energy consumption and high output" regarding utilizing plant biomass waste, limited research
energy investments and additional costs. has focused on the calorific value of these
Essential oil crops are primarily cultivated for ~ residues (Maj et al., 2020; Chakyrova &
their essential oils (Duce et al., 2017, Doseva, 2021; Pulidori et al., 2023).
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This study aims to evaluate the energy potential
of residues obtained after the steam distillation
of essential oils from lavender, tansy, thyme,
yarrow, and common sage. Additionally, it
examines the emission factors of toxic exhaust
components and explores the feasibility of
using these residues for energy production.

MATERIALS AND METHODS

Aromatic plants, including lavender, tansy,
thyme, yarrow, and common sage, were
collected from southern Bulgaria at the
flowering stage. After essential oil extraction
via steam distillation, the plant residues were
dried in an oven at 105°C and ground using a
laboratory grinder. The physico-chemical
characterization of the plant residues was
conducted based on calorific value, ultimate
analysis, and proximate analysis.

The heating value was determined following
the I1SO standard (BDS EN ISO 18125:2017)
using an IKA C6000 oxygen bomb calorimeter
(IKA Werke GmbH, Germany).

The samples were analyzed according to
standard methods: moisture content (BDS EN
ISO 18134-3:2015), ash content (BDS EN ISO
18122:2015), volatile matter (BDS EN ISO
18123:2015).

Total carbon, hydrogen, nitrogen, and sulfur
contents were determined by dry combustion
using a Vario Macro CHNS analyzer
(Elementar GmbH, Germany) (BDS EN ISO
16948:2015).

Using the results from the ultimate analysis,
emission factors for CO, CO2, NO,, SO, and

dust emissions were estimated through
equations (1)-(7) (Borycka, 2008):
CO emission factor

€O =2 x Ecx (C_CO/C) (1)

Emission factor of chemically pure coal

Ec =c.uc

2
CO; emission factor

co, =%x(Ec—% x CO — <= xECH, —
26.4

284 Y ENMVOC) (3)

31.4

Methane emission factor:

_ 16 Cen
ECH4= 1 xEc x (%) 4)

c

NOx emission factor

__ 46 N Nnox
NOx =2 x Ee x % x (Hhox)  (5)
Emission factor of SO»
25
SO2= 100 (6)
Dust emissions:
Edust = 1.5 x A x ~2=10 7)
100 - k

RESULTS AND DISCUSSIONS

Proximate and ultimate analysis

The proximate and ultimate analysis results for
essential oil plant waste are presented in Tables
1 and 2. According to CEN/TS 14961, biomass
for solid biofuels is categorized into three main
groups: woody biomass, herbaceous biomass,
and fruit biomass. Essential oil plant waste falls
under the herbaceous biomass group -
specifically, agricultural and garden herbs.

Table 1. Proximate analysis and heating values of plant

waste
Plant Ash, VM, | LOV, | HAV,
waste M, % % FC, % % Ml/kg | Mlkg
Lavender 8.42 7.28 11.5 80.08 17.41 19.23
Tansy 7.31 8.35 12.69 80.0 18.16 19.78
Thyme 7.08 8.24 14.42 78.5 17.85 19.17
Yarrow 6.22 8.79 16.48 71.3 16.7 17.96
Commom
sage 8.95 6.22 13.46 77.59 16.24 18.06
1ISO <I2- <6- - - >14.5 -
17225-6 15 10
CEN/TS - 6.5 16.6
14961- @5
1Harvest 10)
(July -
Oct.)

25

M - moisture, FC- fixed carbon, VM - volatile matter, LHV - lower
heating value, HHV - higher heating value

The key parameters of biomass waste were
compared against the requirements of the ISO
17225-6 standard for herbaceous biomass and
data from other studies.

Heating Value and Energy Potential: The LHV
(Lower Heating Value) is a crucial parameter
for evaluating biomass as a biofuel. According
to ISO 17225-6, the standard LHV for solid
fuel is >14.5 MJ/kg. The LHV of the tested
plant waste ranged from 16.24 MJ/kg (common
sage) to 18.16 MIJ/kg (tansy). The tested
biomass meets or exceeds ISO 17225-6
standards for LHV (>14.5 MJ/kg), indicating
good energy potential.
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The HHV (Higher Heating Value), which
represents the total energy content, ranged from
17.96 MJ/kg (yarrow) to 19.78 Ml/kg (tansy).
Tansy waste shows the highest energy
efficiency (19.78 MJ/kg HHV), making it an
excellent candidate for biofuel. Conversely, the
lower HHV of common sage implies reduced
energy potential. These values align with
previous studies, such as Pulidori et al. (2023)
for lavender waste (19.2 MJ/kg) and thyme
waste (17.8 MJ/kg), Maj et al. (2020) for mint
waste (15.90-16.64 MlJ/kg), and Zajac et al.
(2019) for miscanthus (17.99 MIJ/kg), wood
(18.35 MlJ/kg), and rapeseed straw (15.97

MlJ/kg).
Moisture Content and Ash Content: Moisture
content significantly affects combustion

efficiency, as lower moisture levels lead to
better energy performance. The tested biomass
had moisture content ranging from 6.22%
(yarrow waste) to 8.95% (common sage waste),
which complies with ISO 17225-6 (<12-15%).
Ash content is a critical parameter in biomass
fuel quality, as higher ash levels can reduce
combustion efficiency and cause operational
challenges. The tested samples contained
6.22% (common sage) to 8.79% (yarrow) ash,
which is within the acceptable ISO 17225-6
range (<6-10%). Moisture and ash contents are
within acceptable ranges, ensuring good
combustion properties. These values are
comparable to previous findings for lavender
waste (6.7-7.8%) (Chakyrova & Doseva, 2021)
andmint waste (7.23-10.29%) (Maj et al.,
2020).

Fixed Carbon and Volatile Matter: Fixed
carbon content is a positive attribute of
biomass, as it determines combustion stability
and burning duration. While ISO 17225-6 does
not specify a standard for fixed carbon, the
values in this study ranged from 11.5%
(lavender) to 16.48% (yarrow), with yarrow
showing the highest combustion stability.
Similar values were reported for mint waste:
9.40-15.77% (Maj et al., 2020) andlavender
waste: 15.3% (Chakyrova & Doseva, 2021).
Volatile matter plays a key role in biomass
combustion, with higher volatile content
leading to easier ignition and more intense
burning. Fixed carbon and volatile matter
values indicate stable burning characteristics.
Biomass typically contains 60-80% volatile
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matter, and the tested biomass samples ranged
from 77.3% (yarrow) to 80.08% (lavender).
These values align with mint waste (64.99-
70.36%) (Maj et al., 2020), miscanthus (72.5%)
and rapeseed straw (73.5%) (Zajac et al.,
2019).

Table 2 presents the results of the ultimate
analysis of the tested wastes. These values are
compared with the requirements of ISO 17225-
6 and with findings from other studies. The
main components of solid biofuels are carbon
(C), hydrogen (H), and oxygen (O). During
combustion, C and H undergo oxidation in
exothermic reactions, forming CO2 and H:0,
which impact the gross calorific value of the
fuel (Clarke & Preto, 2011). Higher C content
indicates a greater energy potential for
biomass, making it more viable as a renewable
energy source. The total C content in the tested
samples ranged from 46.9% to 49.3%, with
lavender waste exhibiting the highest values.
Similar C content has been reported for mint
waste (44.82-47.05%) (Maj et al.,, 2020),
lavender (45.4-48.1%) (Chakyrova & Doseva,
2021), willow biomass (50.84%) (Szczukowski
et al., 2015), and wood (49.80%) (Kajda-
Szczesniak, 2013). Hydrogen content ranged
from 3.8% (tansy waste) to 5.53% (common
sage waste). Comparable H content has been
observed in mint waste (5.54-5.76%) (Maj et
al., 2020), lavender waste (5.8-6.77%)
(Chakyrova and Doseva, 2021), willow
biomass (5.86%) (Szczukowski et al., 2015),
and wood (6.30%) (Kajda-Szczesniak, 2013).
These values are also close to those of wheat,
barley, flax, and timothy straw (6.1-6.4%).
Oxygen content negatively affects the energy
value. The O content of the tested biomass
ranged from 37.81% to 41.00%, with no
significant differences among the samples.
These values are similar to those of wheat,
barley, flax, and timothy straw (44.4-52.1%)
but lower than those reported for mint waste
(29.14-36.09%) (Maj et al., 2020) and lavender
waste (37.8%) (Chakyrova & Doseva, 2021).
According to Vassilev et al. (2010), the
elemental composition of biomass is a key
factor in estimating heating values, combustion
air requirements, and the composition of flue
gases. Knowledge of elemental composition
also helps assess gaseous emissions from fuel
combustion. From an environmental
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perspective, N and S contribute to greenhouse
gas emissions and are considered undesirable in
biomass fuels. During combustion, N leads to
NOx emissions, while S contributes to SOx
emissions, which can cause particulate
pollution, acid rain, and corrosion (Clarke &
Preto, 2011). The N content in the tested
biomass ranged from 0.178% (lavender waste)
to 0.36% (tansy waste), remaining well below
the 1.5-2% limit set by ISO 17225-6. Lower
nitrogen levels improve the suitability of
biomass for combustion. Comparable N values
have been reported for mint waste (0.23-
0.70%) (Maj et al., 2020) and lavender (1.3%)
(Chakyrova & Doseva, 2021).

Sulfur content in biomass is generally low but
still plays a role in emissions. The sulfur levels
in the tested samples ranged from 0.0334%
(lavender waste) to 0.0784% (yarrow waste),
remaining well below the 0.2-0.3% standard
limit. Comparable S content has been reported
for lavender waste (0.1%) (Chakyrova &
Doseva, 2021) and mint waste (0.0-0.19%)
(Maj et al., 2020). Low S content minimizes
the risk of releasing SO: during combustion,
reducing environmental impact.

Table 2. Ultimate analysis of tested wastes

Waste N, % S, % CL% | C% | H % 0. %
Lavender 0.178 | 0.0334 | 0.0220 | 49.3 5.40 37.81
Tansy 0.360 | 0.0738 | 0.0895 | 49.2 | 3.80 38.22
Thyme 0.240 | 0.0593 | 0.0358 | 48.5 | 3.80 39.16
Yarrow 0.250 | 0.0784 | 0.2121 | 46.9 | 4.60 39.38
Common

sage 0.198 | 0.0500 | 0.0148 | 47.0 | 5.53 41.00
éSO 17225- 1.5-2 | 0.2-03]0.1-0.3

CEN/TS 13 0.1 0.5(0.2- | 46 5.7 40
14961-1 (0.1- 0.6)

Harvest 0.2)

(July-Oct.)

Chlorine levels ranged from 0.0148% (common
sage) to 0.2121% (yarrow), staying within the
allowable limits for solid fuels. Lower chlorine
content is beneficial as it reduces the potential
for corrosion and harmful emissions.

Emission factors

Determining emission factors is essential for
estimating the levels of pollutants emitted
during fuel combustion. To determine these
factors, it's crucial to wunderstand the
physicochemical characteristics of the waste
being used. The emission factors for CO, COz,
NOx, SOz, and dust emissions from the plant

waste studied are presented in Table 3, along
with data for coal emissions for comparison.

Table 3. Emission factors (kg/mg) for analysed waste

and coal

‘Waste CO CO, NOx S0, Edust
Lavender 60.74 1487.07 0.63 0.067 9.20
Tansy 60.61 1484.05 1.27 0.148 10.55
Thyme 59.75 1462.94 0.85 0.119 10.41
Yarrow 57.78 1414.66 0.88 0.157 11.10
Common

sage 57.90 1417.68 0.70 0.100 7.86
Hard coal 82.01 1969 4,09 5,2 23,57
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No significant differences were observed in the
carbon monoxide (CO) emission levels of the
investigated plant wastes. The highest CO
emission rate was observed for lavender
(60.74 kg/mg), while the lowest was for yarrow
(57.78 kg/mg), with a difference of up to 3%.
The Nox emissions ranged from 0.6289 kg/mg
for lavender waste to 1.27 kg/mg for tansy
waste.

The CO:z emission factor was highest for tansy
waste (1484.05 kg/mg) and lowest for yarrow
waste (1414.66 kg/mg).

SO2 emissions ranged from 0.067 kg/mg for
lavender waste to 0.118 kg/mg for thyme
waste. Dust emissions were highest for yarrow
waste (11.10 kg/mg) and lowest for common
sage (7.86 kg/mg).

The emission factors show that the tested
wastes exhibit similar emission levels to those
of mint waste (Maj et al., 2020), Eucalyptus
globulus tree (Mateos et al., 2019), and larch
needles (Maj, 2018). Overall, emissions are
comparable to other waste types, and the SOz
content in the wastes is minimal. CO and COz
emission factors are similar to those for mint
(Maj et al., 2020), larch needles (Maj, 2018),
and hazelnut husk and leaves (Maj, 2018;
Borkowska et al., 2024).

Plant wastes have significantly lower NOx
emissions compared to straw pellets, sunflower
stalks, corn stalks, and wood pellets (Krugly et
al., 2014), as well as Eucalyptus globulus
(Mateos et al., 2019).

Wastes from lavender, thyme, and yarrow
showed higher particulate emissions similar to
those from mint waste (9.14-13.0%) (Maj et al.,
2022), tree leaves (10.80%) (Maj, 2018), and
hazelnut waste (10.95%) (Borkowska et al.,
2024). The high dust emissions are associated
with the high ash content of the tested wastes,
so technological solutions to reduce these
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emissions (e.g., using additional filters to
capture emitted dust) should be considered.

The emission method for determining gas and
dust emissions allows for an assessment of the
environmental impact of plant waste when used
for energy purposes, without requiring
specialized analytical equipment. This method
enables quick estimation of biofuel emissivity,
which is often overlooked when assessing
biomass suitability for energy.

Differences in emissions among the tested
wastes may influence selection decisions,
especially when considering environmental
aspects and incineration efficiency. Based on
the emission factors, common sage waste is
characterized by low emissions. Higher
emission factors for CO and CO2 were found
for lavender and tansy waste. Using common
sage waste as a source of energy can contribute
to reduction in GHG emissions.

Using waste from essential oil crops results in
emission reductions compared to coal (Borycka
et al., 2008). Emission levels decreased by 26-
30% for CO, 24-28% for CO2, 68-84% for
NOx, 97-99% for SOz, and 53-67% for dust,
depending on the type of waste used.
Therefore, utilizing these wastes as fuel
provides real environmental benefits.

CONCLUSIONS

Significant differences were found between the
plant wastes in terms of calorific value.
Lavender waste (17.40 MJ/kg; 19.23 MJ/kg),
tansy waste (18.16 MJ/kg; 19.78 MJ/kg), and
thymewate (17.85 Ml/kg; 19.17 MJ/kg)
showed higher lower and higher heating values,
making them an excellent candidate for biofuel
compared to yarrow waste (16.7 MJ/kg; 17.96
MlJ/kg) and common sage (16.24 MJ/kg; 18.06
MJ/ kg).

The chemical composition of plant wastes
affects their energy value and emission factors.
The common sage waste is characterised by a
higher moisture content (8.95%), which
negatively affects the energy value of the
waste.

The type of waste mainly influences the
amount of emissions from waste incineration.
Higher emissions of CO (60.61 and
60.76 kg/mg) and CO2 (1484.05-1487.07
kg/mg) were found for tansy and lavender
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waste, NOx - for tansy waste (1.26 kg/mg),
while for yarrow there are higher dust
emissions (11.10 kg/mg).

When selecting suitable waste for energy
production, it's essential to balance calorific
value and emission factors. If energy efficiency
is the priority, lavender, tansy, and thyme waste
may be preferred. However, for sustainability
and lower environmental impact, common sage
waste could be the better choice. It's important
to consider the specific context, including
regulations and energy needs, when making a
final decision.
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Abstract

The detection and spatiotemporal monitoring of hydrocarbon contamination in the geological environment (soil,
geological formations, and groundwater) represent the main objective of the study, conducted during the period of 2023-
2024. The study focused on areas adjacent to the Petromidia refinery with industrial activity exceeding five decades,
located in the vicinity of the city of Navodari. Both ‘classic’ geophysical techniques (VES - Vertical Electrical Sounding,
IP - Induced Polarization) and recently introduced techniques on a global scale (GPR - Ground Penetrating Radar) were
employed. Electrical and electromagnetic measurements were complemented by magnetic investigations, drilling works,
and geological and hydrogeological observations. The most effective geophysical measurements, both for detecting and
monitoring underground hydrocarbon contamination, were the geoelectrical resistivity ones, due to the significant
contrast in electrical resistivity between the highly resistive pollutant substances and the affected geological environment,
consisting of rocks and fluids with much higher electrical conductivity. The geological and hydrogeological data from
shallow boreholes were used for the correct interpretation of geophysical anomalies, while the results of magnetic
measurements indicated the routes of buried pipelines, and potential sources of pollution.

Key words: electrometry, hydrocarbon, pollution, soil.

INTRODUCTION monitoring of hydrocarbon contamination
resulting  from  refining, storage, and

Contamination with hydrocarbons of the land transportation activities of petroleum products

and groundwater in the vicinity of refineries, in the vicinity of refinery located in the area of

fuel depots, oil wells, and even transportation the city of Navodari.

pipelines, constitutes one of the significant

environmental protection issues (Onutu & Tita, MATERIALS AND METHODS

2018). The localization and determination of the

spatial-temporal distribution of contamination 1. Physical-geographical characterization

currently rely exclusively on the use of direct =~ The objective under analysis is located on the

methods of biochemical analysis of soil and coastal strip separating the Black Sea from the

water samples taken from the surface or from Gargalac (Corbu) and Tasaul lakes, an integral

boreholes. part of the Central Dobrogea Platform.

The information obtained in this way is point- The relief generally exhibits the characteristics
based and therefore cannot provide an overall of a high hilly plain, with wide valleys and
picture of land and groundwater contamination. terraces, reaching heights of up to 100 meters.
Analyses are costly and require an extended  The average relief energy is 50 meters.
period for observations to be made. Genetically, the area represents a paneplain

The integration of point-based information into (nearly flat land surface resulting from long -
a three-dimensional spatial-temporal image of  continental erosion and denudation) of the
areas contaminated with hydrocarbons and Caledonian mountains (Green Shale
residual waters becomes possible through the Formation), covered in the Quaternary by a loess
appropriate use of geophysical methods, cover.

supported by hydrogeological information. Beneath this cover of aeolian deposits, patches
The main objective of the geophysical of eroded Jurassic limestone emerge, featuring
investigation was to develop a geophysical  karstic landforms such as caves and gorges.
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Towards the coastal zone, the relief is lower,
featuring lagoons, fluvio-marine estuaries, and
sandy coastal barriers.

The climate is typically continental, with the sea
exerting its influence over a coastal strip 10-15
kilometres wide. The basin of Lake Tasaul is
situated on the contact zone between Jurassic
limestone and the Proterozoic substrate of the
Green Shale Formation. Along this stratigraphic
contact, the course of the Casimcea River has
insinuated itself, more active during cold, glacial
periods of the Quaternary (Chitea, 2011). From
a geomorphological perspective, the studied
objective is situated on the "complex barrier
beach" (barrier beach) of Tasaul - Corbu, which
extends southward to the Mamaia complex
barrier beach.

2. Aspects of historical hydrocarbon
contamination in the Petromidia refinery
area

The pollution phenomenon with petroleum
products from industrial areas related to the
extraction, transportation, and processing of oil
in Romania, noted in the last 40 years, especially
through its harmful effects on the quality of
some drinking and surface water sources, as well
as on the productivity of soil in some
agricultural lands, has been the subject of special
research initiated in the 1960s.

These studies were prioritized through
hydrogeological and geophysical investigations
conducted in the vicinity of refineries and fuel
transportation pipelines by ISPIF Bucharest and
the University of Bucharest starting from 1975.
The contamination with hydrocarbons of land,
groundwater, and surface water near major
pollution sources (refineries, fuel depots, oil and
fuel transportation pipelines, oil extraction rigs,
petroleum residue ponds, etc.) represents one of
the largest and most challenging environmental
protection issues in Romania (Paraschiv, 1979).

The placement near Navodari city of the
country's most important sources of petroleum
pollution (the Petromidia refinery, petroleum
and fuel depots, and petroleum product
transportation pipelines) makes this area the
subject of numerous research endeavours and
the primary motivation for selecting this
perimeter for implementing hydro-geophysical
research (Figure 1).
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Figure 1. Petromidia refinery

The pollution sources in the Petromidia refinery
area are classified as follows:

- systematic losses of petroleum products in the
technological ~ processes  of  extraction,
transportation, and storage;

- accidental losses of petroleum products in the

transportation and refining  processes
(explosions,  fires,  pipeline  corrosion,
earthquakes, technical accidents, pipeline

breakages for fuel theft);

- slow leaks of products through cracks in
pipelines, tanks, ponds, basins, sewers;

- losses of petroleum products during long-
distance transportation of pollutants through
watercourses, rainwater, and wind.

The migration of hydrocarbons, immiscible with
water, occurs in two ways:

a) In unsaturated conditions, under the influence
of gravity and meteoric waters (within refinery);
b) In saturated conditions, at the surface of
groundwater in the form of a laminar
contamination plume, laterally advancing in the
direction of groundwater flow (outside refinery,
in the direction of groundwater flow).

An example of contamination in saturated
conditions at the level of the groundwater table
is represented by the area southeast of the
Petrobrazi refinery, where the boundary of the
spread of groundwater contamination with
petroleum products covered an area of
approximately 11 km? in January 1981,
separated into two distinct sectors according to
the degree of pollution:

A central sector, affected by intense pollution,
with significant concentrations of pollutants in
the form of a lens-shaped layer above the
groundwater, ranging from 1 cm to 5 m in
thickness, predominantly spreading within the
refinery premises and extending south-eastward



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

to approximately 2.5 km away; A sector with
reduced pollution, with thin films, iridescence,
or a specific petroleum smell in the
groundwater, with the boundary located
approximately 3.5 km from the refinery. In the
Petromidia refinery case, the depths of the
petroleum layer were frequently recorded at
values of 2-6 m and are variable over time,
depending on the vertical oscillation of local
groundwater levels. The general propagation
direction of the petroleum pollution front is
similar to that of the predominant groundwater
flow (NW - SE), but the advancement speed
differs from that of water, being slower in the
case of petroleum pollutants due to the different
physical-mechanical characteristics  (higher
viscosity and adhesion of petroleum products)
and the specific horizontal and vertical
migration mechanism of petroleum products
(depending on the action of capillary forces in
the porous medium).

3. Geoelectric detection of hydrocarbon
contamination

The use of various geoelectrical techniques for
detecting underground hydrocarbon pollution is
an efficient and non-invasive method for soil
investigation in search of contamination.
Among these techniques are VES (Vertical
Electrical Sounding), IP (Induced Polarization),
ERT (Electrical Resistivity Tomography), and
GPR (Ground Penetrating Radar).
Measurements of VES (Vertical Electrical
Sounding) conducted with instruments such as
AGI MINISTING (Figure 2) is extremely useful

in identifying zones of hydrocarbon
contamination.
VES involves measuring the electrical

resistance of the soil in a vertical manner,
allowing for the determination of the vertical
distribution of the electrical properties of the
subsurface. These techniques are particularly
effective when placed on profiles that traverse
areas of interest, such as refineries or other
potential sources of hydrocarbon pollution.

By combining data obtained from various
geoelectrical techniques, a more comprehensive
picture of the distribution and characteristics of
subsurface contamination can be obtained,
which can better guide strategies for remediation
and environmental monitoring (Greenhouse,
1993).
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Figure 2. Geoelectric data acquisition using Ministing
system from AGI

The observation data has been processed and
interpreted using specialized software such as
Res;DInv, EarthImager, as well as programs
developed by the research team members.
Analysing the curves of the vertical electrical
soundings conducted in the area of the four
refineries, it was observed that from a
geoelectric  standpoint, two main modes of
electrical resistivity distribution in depth can be
distinguished in the investigated region (Figure
3):

- VES curves representative of type H (for
example-yellow colour) in the northeastern area,
where the Petromidia refinery is located;

- VES curves representative of type K (for
example-blue colour) in the southwestern area,
where the Petromidia refinery is located.
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Figure 3. Representative VES curves
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The main difference between the two separately
identified sectors, with distinct variations in
electrical resistivity, lies in the presence of a
clay layer electrically conductive at the upper
part of the geological structure in the
northeastern part of investigated area (type H
VES curves), a layer absent in the south-western
part of investigated area (type K VES curves).
The mentioned clay layer, intercepted in shallow
boreholes, largely protects the northeastern area,
with hydrocarbon contamination significantly
lower compared to the southwestern area. The
rapid increase in electrical resistivity in the
electrical  soundings conducted in the
investigated area is due to the presence at
shallow depths (1.5-4 m) of the resistive layer
containing the pollutant film and geological
formations  impregnated with  petroleum
products. The processing and quantitative
interpretation of VES data have resulted in
obtaining resistivity sections down to a depth of
4 meters along the profiles in the investigated
areas. The outlined anomalies of maximum
resistivity (Figure 4 - red colour) illustrate the
presence of hydrocarbon contamination plumes
at depth.

Figure 4. Apparent resistivity sections - Perimeter I

Figure 4 shows the distribution of electrical
resistivity along profiles I, II, III and IV
(Perimeter I), which traverses the north-south
direction of the pollution zone associated with
the Petromidia refinery. The elongated anomaly
of maximum resistivity located at depths of 1.5-
3 meters is interpreted as being due to the
presence of the hydrocarbon contamination
plume located at the aquifer's surface.
Interruptions or variations in the thickness of the
resistive layer are interpreted as being caused by
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variations in the compaction of the contaminated
gravel (Berkowitz, 2008).

The thickness of the resistive layer (Figure 4—
red colour), greater than the contaminant film at
the aquifer's surface, also includes that of the
gravel impregnated with hydrocarbons during
seasonal variations in the hydrostatic level
(historical contamination). The interpretation of
these resistivity anomalies was supported by
direct information from recently executed
hydrogeological boreholes and from artisanal
excavations present in the immediate vicinity of
the investigated perimeters (McNeill, 1980).

In order to obtain detailed information on the
distribution of resistivity in depth in areas
significant for understanding the relationships
between the contaminant and the polluted
geological environment, VES measurements
were conducted on Perimeter II (Figure 5).

Figure 5. Apparent resistivity sections-Perimeter I1

The electrical resistivity section obtained down
to a depth of 4 meters illustrates details of
anomalies of maximum resistivity associated
with the hydrocarbon contamination plume on
each profile. Variations in the intensity of
resistivity anomalies can be interpreted as
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variations in contaminant concentration, while
interruptions in the major resistivity maximum
anomaly can be attributed to the effects of local
tectonic accidents.

4. Georadar detection of hydrocarbon
contamination

The georadar investigation at the Petromidia
refinery in the southeastern sector revealed some
interesting findings. The underground limit
interpreted as the water table suggests the
presence of groundwater at that depth.
Additionally, the zones of weak electromagnetic
signal could indicate the presence of a
hydrocarbon plume within the upper aquifer.
This suggests the possibility of hydrocarbon
contamination in the groundwater, which is a
concern for environmental and remediation
efforts. Further investigation and monitoring
would likely be necessary to assess the extent of
the contamination and develop appropriate
mitigation measures (Fuente, 2021).

In the Petromidia refinery area, 10 longitudinal
profiles and 6 transverse profiles were
continuously recorded using a 100 MHz antenna
(Figure 6).

The analysis of the recordings on the
longitudinal profiles shows the existence of a
well-defined geophysical boundary located at
0.75 m (Figure 7). The detected interface is
practically continuous along the entire length of
the measurement profiles. Correlating these
observations with archive data obtained from
previous boreholes, the following values for
velocity and permittivity are obtained:

- a velocity of 6.5-7.6 cm/ns for the medium
above the first georadar limit, considering this
interface as the water level;

- the permittivity varies in the range of 15.58-
21.30 (Kapicka, 1997).

Considering that the permittivity of a sandy
medium saturated with water is around 25, and
the reflection sign is negative, we can conclude
that the interface encountered at 0.75 m (Figure
7) is due to the level of petroleum product.
Electric permittivity (or dielectric constant) is a
quantity, denoted by e, which indicates the
resistance to electric polarization of a dielectric
material (Tezkan, 2005).

In practice, a dimensionless quantity expressed
by the ratio of the permittivity of a medium to
that of vacuum is used. The groundwater level is
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located at depths of 1.5-2 m. Below the first
detected georadar limit, the value of
electromagnetic wave velocity decreases due to
the presence of water in the propagation
medium. By decreasing the velocity, the travel
time of the wave increases.

Areas where reflection coefficients have high
values and do not allow the delimitation of a
reference radar horizon have been interpreted as
being due to hydrocarbon intrusions (yellow
zones - Figure 8).

Figure 6. Georadar acquisition data with 100MHz
antenna

Figure 7. Georadar data (radargram) in the Petromidia
refinery area

rofc i sy X o)

Figure 8. Georadar section
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RESULTS AND DISCUSSIONS

Geophysical monitoring of the temporal and
spatial evolution of hydrocarbon contamination
plumes has been studied in the Petromidia
refinery area. The hydrocarbon contamination
plume, resulting from the temporal overlay of
historical ~ contamination  with  current
contamination, is largely influenced by the
regional dynamics of the aquifer. Geoelectrical
VES measurements conducted for monitoring
has investigated the central part of perimeter I
and IL.

The results of monitoring measurements were
analysed in the form of resistivity pseudo

sections to avoid disturbances caused by
quantitative interpretation programs. The
observed changes in resistivity during

monitoring, considered for interpretation, are
due to variations in moisture in surface layers
(soil, paleosol, loess), fluctuations in the water
table level, and some quantities of pollutants
recently introduced into the geological
environment in the refinery area (Figures 3, 4
and 5). The fragmentation of the major
resistivity maximum anomaly is due to active
processes of surface water infiltration along a
fault system, which affects the geological
structure and the soil layer (Figures 3, 4 and 5).
The results obtained from the georadar
investigation were presented in the form of
radargrams or depth sections, which can
highlight geological structures at shallow
depths, including the localization of tectonic
features with local significance, as well as the
delineation between hydrocarbon-saturated and
unsaturated zones (Manescu, 1994).

CONCLUSIONS

The results of geophysical investigations
dedicated to the detection and monitoring of
hydrocarbon contamination plumes near the
Petromidia refinery have shown that VES
geoelectrical resistivity measurements are the
most effective. Elongated anomalies of
maximum electrical resistivity, located at depths
where the first aquifer is localized, illustrate the
presence of contamination plumes due to the
hydrocarbon  film and the geological
environment impregnated with contaminants
during seasonal variations in the water table
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level. Interruptions in the maximum resistivity
anomalies are due to variations in the
compaction of gravel or local tectonic accidents.
The geoelectric monitoring of hydrocarbon
contamination plumes was conducted using
vertical electrical soundings, through the
sequential analysis of resistivity pseudo
sections. The geoelectric effect of hydrocarbon

contamination is evident even under
significantly  different seasonal climatic
variations, with the maximum resistivity

anomaly determined by the presence of
hydrocarbons being well delineated through
repeated geophysical measurements.

This resilience in detection is particularly
significant in delineating the maximum
resistivity anomaly associated with subsurface
hydrocarbon contamination (Allred, 2010).
Repeated geophysical measurements serve as a
reliable tool in accurately mapping out these
anomalies, aiding in the assessment and
management of hydrocarbon contamination in
diverse = environmental  conditions.  It's
interesting  to  hear that  geophysical
investigations near the Petromidia refinery have
identified VES (Vertical Electrical Sounding)
geoelectrical resistivity measurements as the
most effective method for detecting and
monitoring hydrocarbon contamination plumes.
Geophysical methods play a crucial role in
environmental studies, especially when dealing
with issues such as pollution and contamination.
VES involves measuring the electrical
resistivity of subsurface materials at different
depths using a vertical electrode array. In the
context of hydrocarbon contamination,
variations in resistivity can be indicative of
changes in the subsurface caused by the
presence of hydrocarbons (Vafidis et al., 2014).
Here are some reasons why VES geoelectrical
resistivity measurements might be effective in
this scenario:

Contrast in Resistivity - hydrocarbons generally
have a lower electrical resistivity than the
surrounding soil or rock. This contrast allows for
the detection of hydrocarbon plumes in the
subsurface.

Depth Profiling - VES provides information at
different depths, allowing for a vertical profile
of subsurface resistivity. This can help in
understanding the depth and extent of the
contamination plumes.
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Spatial Resolution - VES can offer good spatial
resolution, helping to map the lateral extent of
contamination. This information is crucial for
effective remediation strategies.
Cost-Effectiveness - compared to some other
geophysical methods, VES can be relatively
cost-effective, making it a practical choice for
large-scale monitoring projects.

Non-Invasive Nature - geoelectrical methods are
non-invasive, meaning they don't require
drilling or excavation. This minimizes
disturbance to the site and provides a more
environmentally friendly approach.

Real-Time Monitoring - VES measurements can
be conducted periodically, allowing for real-
time monitoring of changes in subsurface
resistivity. This is important for tracking the
dynamic nature of contamination plumes.

It's essential to note that the effectiveness of
geophysical methods can vary based on site-
specific conditions. Additionally, integrating
multiple geophysical techniques can provide a
more  comprehensive  understanding  of
subsurface conditions.

If VES has proven to be the most effective in this
case, it demonstrates the importance of selecting
the right geophysical tools for the specific
challenges posed by hydrocarbon contamination
near the Petromidia refinery. The GPR data was
obtained using a NOGGIN system with 100,
250, and 500 MHz antennas. The 100 and 250
MHz antennas provided the best results in terms
of spatial resolution and depth, while the
shallow groundwater level provided excellent
conditions for GPR.
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Abstract

The sediment movement on a river plays a crucial role in safe navigation and economic activities on navigable
channels. Environmental changes in time are given by the morphological characteristics of the riverbed during
seasonal water variation on the Danube River. This study presents a comprehensive assessment of the Danube River’s
velocity and current characteristics based on Acoustic Doppler Current Profiler measurements. The correlation
between flow velocities and depths helps to understand the factors that influence sediment patterns and provides
insights into the sustainable management of the river system. The study was conducted along a 71-kilometer length of
the Sulina Branch from the Danube River, where ADCP measurements were collected at multiple locations and over
periods. The data collected included water depth, flow velocity, and current direction. By clustering the column depth
cell velocities it revealed significant spatial and temporal variations in the velocity and current patterns, influenced by
factors such as river morphology, discharge, and seasonal changes.

Key words: ADCP survey, currents direction, Danube discharge, hydro-morphology, water flow velocities.

INTRODUCTION total Danube discharge at present (Panin &
Jipa, 1998).
The Danube River divides into 2 branches at
Patlageanca Village. Chilia - the first branch,
flows in the North-East direction. The second
one flows to the East, and after at, the Tulcea
city is divided into two other branches, Sulina &
respectively Sfantu Gheorghe (Figure 1). 275
The Sulina branch is the main waterway of rwm
Romania, for the ships with a maximum 7.01 m
+ 10-15 cm draught, from the Black Sea up to
Braila city (Cociasu et al., 1996; Giosan et al., ‘
2006; Kuhl, 1891). s
The rectification of the Sulina arm was carried Figure 1. The main branches of the Danube River
out during the 1868-1902 period, shortened
this branch by about 25% (83.8 km before the The Sulina Channel, one of the branches of the
cut-offs and only 69 km today) (Cociasu et al., Danube River, has specific dimensions: a
1996; Giosan et al., 2006; Kuhl, 1891; Panin & length of 71 kilometers, a maximum width of
Jipa, 1998). 50 meters, a maximum depth of 18 meters, and
This cut-off program induced a redistribution a minimum depth of 7.32 meters (Banescu et
of water and sediment discharge among the al., 2020a). This arm of the Danube has been
delta distributaries. regulated and channelized, allowing for
The Sulina discharge increased from 7-9% up maritime navigation of seagoing vessels with a
to 16-17% in 1921 and to about 18-20% of the  draft of up to 7 meters. The maintenance and
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management of this waterway fall under the
responsibility of the Lower Danube River
Administration (AFDJ), based in Galati, the
largest city along the Romanian stretch of the
Danube. It is noteworthy that the Sulina
Channel, also referred to as the Sulina arm, is
the shortest and most direct branch of the
Danube, flowing directly into the Black Sea
near the town of Sulina. Sulina is the
easternmost settlement within the European
Community.

The Sulina branch carries a significant amount
of sediment, particularly during flood events,
which can lead to the deposition and
accumulation of sediments Danube Delta.
Sediment transport and deposition in the Sulina
Channel can affect water depths and navigation
channels, necessitating periodic dredging
operations to maintain the required depths for
maritime traffic. The management of sediment
transport and dredging activities in the Sulina
Channel is crucial for maintaining navigation
and preventing potential blockages or shallow
areas that could hinder vessel movement.
Monitoring and modeling of sediment transport
patterns, as well as implementing appropriate
sediment management strategies, are essential
for the sustainable management of the Sulina
Channel and the Danube Delta region.

At the same time, the sediment deposition
influences the stock of heavy metals on the
Danube River (Popa et al., 2018; Teodorof et
al., 2021). According to Lazar (2024), the
heavy metals from sediments and water in the
Danube River are ingested directly by biota,
especially in the Alosa immaculata fish.
According to the study conducted by Burada
(2015), hydro-morphological parameters are
important for identifying the areas where the
speed of flow currents decreases because
sedimentation increases in these areas, and with
it the accumulation of pollutants (heavy metals)
also occurs. This suggests that the morphology
of the riverbed and the hydrodynamics of the
river are key factors in identifying areas
vulnerable to contamination, and can be
achieved by accurate ADCP measurements.
The present study aims to investigate the
relationship  between  hydro-morphological
parameters surveyed on the Sulina branch from
the Danube River. The physical characteristics
and dynamic parameters help to understand the
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patterns of erosion, underwater forms, and
turbulence in the study area.

STUDY AREA

The study area is focused on the Sulina branch
of the Danube River. There are 6 points of
observation. Each of them is located
downstream of Partizani, Maliuc, Gorgova,
Crisan, and Sulina villages (Figure 2), and one
at an intermediate point between Crisan and
Sulina.
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Figure 2. Study area map located on the Sulina navigable
channel from the Danube Delta area

The points labeled T1 through T6 mark specific
cross-sections where Acoustic Doppler Current
Profiler (ADCP) data are collected. These six
cross-sections are conveniently located along
one of the main tributaries of the Danube
River, the Sulina arm.

The corresponding ADCP  cross-sections
measured in July 2023 and August 2023 from
this transects are crucial to understanding how
riverine discharge, velocity profiles, and
sediment deposition are influenced across the
river continuum, particularly in the tidal
junction near the mouth of the river (Banescu et
al., 2020b; Pomazi & Baranya, 2025).

MATERIALS AND METHODS

To better understand the flow dynamics of the
Sulina channel, which is an arm supposed to
hydrotechnical development works, it is
important to measure the hydro-morphological
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parameters in different hydrological periods of
the channel.

Thus, we can assess whether sediments are
transported from one section to another. Along
with the transport of sediments, the minor
channel bed is also modified, but also their
deposition by favouring the increase in the
surface area of the Danube Delta.

To obtain a detailed picture of the hydro-
morphological parameters on the Sulina
branch, several measurement campaigns were
carried out. These aimed to evaluate the spatial
and temporal variability of current speeds and
flows, essential information for determining the
sediment transport regime. Within these
campaigns, ADCP (Acoustic Doppler Current
Profiler) technology was used, a modern
instrument for measuring water current speeds
in three dimensions, at different depths (Figure
3). The device used was the RiverSurveyor M9
model produced by SonTek, a high-
performance equipment designed specifically
for river measurements.

Figure 3. The Sontek M9 ADCP work principle: a -
mounting on a moving boat; b - beam spread principle
(Deogade et al., 2023); ¢, d - main setting applying and

real-time display data

The ADCP works based on the Doppler effect:
it emits sound waves in the water, which, when
reflected from suspended particles, change their
frequency according to the relative motion of
these particles. By analyzing this frequency
change, the instrument can calculate the speed
of the current in different layers of the water
column, according to equation 1 (Liu et al.,
2024).

v=(Af xc)/(2 X fo %X cos(@) (1)
where:

- v represents particle (water current) velocity
in the direction of the sound beam [m/s];
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- Af represents Doppler frequency difference (f-
- fo), i.e. the difference between speed of
sound in water (approximately 1500 m/s);

- ¢ represents frequency of the signal emitted
by the ADCP [Hz];

- @ - angle between the acoustic beam and the
vertical direction.

In addition to the basic hydromorphological

parameters measured, it is important to

determine the energy in each flow section. The
calculation of the current energy (or kinetic
energy of flowing water) in a section measured
with an ADCP is based on the application of
fluid mechanics principles, in particular the
formula for the kinetic energy of a volume of

water moving at a given speed. Equation 2

represents the calculation of the energy flow on

a river cross-section measured with ADCP

equipment (Guseva et al., 2021).

p-Q-v? ®)

where:

- E represents current energy (mechanical
power) [W — watts, i.e. J/s];

- p represents water density [kg/m?] (usually
~ 1000 kg/m? for fresh water);

- Q represents water volume flow or
disgharge [m?3/s], obtained directly from
ADCP data;

- v represents average current velocity [m/s],
measured by ADCP.

RESULTS AND DISCUSSIONS

The monitoring of sediment transport
comprises suspended sediments, a well as
bedload. To understand, to assess, and to give
potential  solutions  for  sediment-related
problems in the Danube River, especially on
the Sulina Branch, the amount of transported
sediments, varying both in time and space, has
to be known. For this purpose, ADCP cross-
sections are measured during two different
campaigns, in July and August 2023. The
results of ADCP cross-sections at T1 to T6
monitoring points are represented in Figure 4.
The ADCP measurement from both survey
campaigns shows a well-distributed water
velocity in the middle of the cross-section. The
water velocity decreases near the left and right
banks in all cases.
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Figure 4. The ADCP velocity representation on the T1 to T6 cross-section

The maximum of 1.13 m/s water velocity was
recorded at T1 section in July 2023, and 0.988
m/s at T2 section in the August campaign.

sections T1-T6. The orientation or angle of
inclination of the black vectors indicates the
flow currents' direction, and the length of the

Figures 5 and 6 highlight a vector
representation of the flow currents in the cross-
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Figure 5. Comparison of flow patterns, directions, and intensities of currents for the July survey across T1-T6 transects
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Figure 6. Comparison of flow patterns, directions, and intensities of currents for the August survey
across T1-T6 transects

If we analyse the data in the context of the
riverbed morphology of the Sulina channel, we
can mention that in the sections T3 and T4, we
have a series of eddy currents that favor the
engagement of sediments in the water
suspension and their transport from upstream to
downstream.

Figure 7 shows a decrease in water velocity
downstream of the Sulina channel. Compared
to discharges, it can be mentioned that these
parameters are influenced directly by water
velocity.
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Figure 7. The water velocity average values in each
cross-section are compared to the total discharge at two
different survey times

The calculated energy values increase from
upstream to downstream of the river, and it is
higher for the August survey campaign when
the discharges are also higher (Figure 8).

In the assumption that the sediment suspended
concentration is calculated by Equation 3, the
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total suspended sediment concentration (SSC)
on each vertical profile from each cross-section
was calculated (Boldt, 2015).

T1 T2 T3 T4 T5 T6

M July Total Energy (W)

6.0E+07

5.0E+07

4.0E+07

3.0E+07

Power (W)

2.0E+07
1.0E+07

0.0E+00
W August Total Energy (W)

Figure 8. The total energy power of T1 to T6 cross-
section

10g10(SSC) = logip(a-10"PF)  (3)
The a=0.005, and b=0.01 are the coefficients
averaged from different scientific sources,
related to Danube River SSC values. According
to Baranya and Jozsa (2013), in the Danube
River, a 125 mg/l average SSC was measured.
The SSC estimated from the SWAT method in
the Danube River Basin by Vigiak (2017) was
about 80 mg/1.

Between the T1 and T6 transects in July 2023,
significant variations in the SSC values are
given across transect length (Figure 9).

In the T1, T2, and TS5 sections, where the
currents are stronger, the average SSC is:
53.5 mg/l, 69.7 mg/l, and 50.8 mg/l,
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respectively. This suggests a higher transport of
sediment from one section to another.
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Figure 9. Suspended sediment concentration estimation
based on backscatter signal (dB) on the July 2023 survey

In section T6, with the maximum value of SSC
concentrations of 1064.59 mg/l, it is
demonstrated that all sediments are transported
downstream to the mouth of the Black Sea,
more precisely, the “Bara Sulina” area.

Analyzing Figure 10, we observe an increase in
the SSC value for transects TS and T6.
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Figure 10. Suspended sediment concentration estimation
based on backscatter signal (dB) on the August 2023
survey

These only confirm the fact that the sediments
are transported in large quantities downstream
in the area of Sulina, where the intensity of the
current gradually decreases and their storage
takes place. In section T1, the highest mean
value of the EFS of 193.2 mg/l and a high
standard deviation (100.1 mg/l) were estimated.
This denotes the fact that the hydrodynamic
conditions in this area are varied and with
strong suspended sediment entrainment. In the
T6 section, the maximum of 941.5 mg/l
suggests the presence of intense sedimentary
accumulation events.
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CONCLUSIONS

The research study carried out for the
monitoring of flow currents by the ADCP
method helps to determine the phenomenon of
sediment transport in fluvial environments.

The high values of the SSC concentration in
July 2023 (1064.5 mg/l) and August 2023
(941.4 mg/1) in section T6 show the presence of
sediment transport processes towards the
confluence with the Black Sea, and their
deposition in the “Bara Sulina” area.

The hydrodynamic parameter E (energy),
increased in value especially in August 2023, in
the upstream sections T1 (3.3 x 107 W) and T2
(5.3 x 107 W), and decreased in value in the T6
section in both months, indicates the erosion
trend from upstream to downstream.

Applying the method of estimating the SSC
from the backscattering of the ADCP signal,
we concluded that the largest amounts of
sediments are in the downstream area of the
Sulina channel.

The effect of sediment transport from upstream
to downstream only increases the clogging of
the Sulina channel at the confluence with the
Black Sea. Thus, continuous monitoring and
investigation of currents and flow velocities by
the ADCP method is mandatory. The ADCP
and SSC estimation method offers an
integrated approach to measuring hydro-
morphological parameters and correlating with
sediment transport processes, helping to plan
hydrotechnical =~ maintenance = works and
emergency interventions on the maritime-river
navigation infrastructure in the respective area.
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Abstract

Sludge from sewage treatment plants is a byproduct of wastewater treatment processes, consisting of solid particles,
microorganisms, and organic and inorganic substances. It is generated during sedimentation and digestion processes
to remove contaminants such as organic matter, heavy metals, and chemicals from water. Before storage or disposal,
sludge is typically treated to reduce its volume and eliminate pathogens. Standard treatment methods include
dehydration, biological stabilization, and incineration. Depending on its composition, treated sludge can be repurposed
for agricultural use as fertilizer, provided it meets strict regulatory standards to prevent soil and groundwater
contamination. In Romania, sewage sludge is generally classified as waste under European and national legislation.
According to the European Union Waste Directive 2008/98/EC, sludge is considered waste if it cannot be safely
treated, recovered, or reused. Studies have explored its potential environmental risks, including soil contamination and
its suitability as a fertilizer. This article presents a structural sludge analysis, focusing on its physicochemical
properties and moisture content. Experiments were conducted to evaluate the behavior of sludge samples under varying
temperatures, exposure durations, and drying conditions. Results showed that evaporation rates increased with
temperature, with significant differences observed between ventilated and non-ventilated drying environments. At
temperatures ranging from 50°C to 100°C, sludge mass consistently decreased, with the lowest masses recorded in
ventilated drying processes at 100°C. In non-ventilated conditions, the percentage of evaporation increased
progressively with prolonged heat treatment. Additionally, heavy metal concentrations in the sludge were
experimentally determined and found to be below the limits imposed by national legislation. These results confirm that
the analyzed sludge samples are suitable for agricultural use, aligning with regulatory requirements.

Key words: chemical composition, heavy metals, sludge, unventilated currying, ventilated heat currying.

INTRODUCTION application  (Council of the European
Communities, 1991; Council of the European
During the pre-accession period to the Communities, 1986). Simultaneously,

European Union (EU), various strategies for  investments were directed towards enhancing
sludge management were formulated, though  wastewater treatment infrastructure to upgrade
their execution differed among countries. A facilities and optimize sludge handling
primary strategy involved aligning national processes. Various disposal and valorisation
legislation with EU directives, specifically the strategies have been investigated in light of the
Urban  Wastewater  Treatment  Directive rising sludge production. Land application in
(91/271/EEC) and the Sewage Sludge Directive agriculture is advocated as a sustainable
(86/278/EEC), which set forth regulations for  practice, contingent upon the sludge adhering
sludge treatment, monitoring, and land  to strict criteria concerning heavy metal levels
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and pathogen reduction (Fytili & Zabaniotou,
2008). Due to constrained treatment capacities,
numerous countries have opted for landfilling
or temporary storage, contrary to the EU's long-
term goal of minimizing sludge disposal in
landfills. Composting and co-composting are
promoted as methods for transforming sludge
into a Dbeneficial soil amendment for
agricultural, landscaping, and land reclamation
purposes (Smith, 2009). The exploration of
anaerobic digestion as a method for reducing
sludge volume and generating biogas for
renewable energy production was initiated.
However, the adoption of this technology was
limited at that time (Yaser et al., 2022). In
addition to these technical strategies, public
awareness  campaigns and  institutional
capacity-building initiatives were launched to
inform stakeholders, such as municipalities,
farmers, and industries, about the safe and
effective management of sludge (Benedetti et
al., 2008; Vinayagam et al., 2024). The initial
strategies  established a foundation for
developing  more  sophisticated  sludge
management policies after EU accession. Thus,
only 0.2% of the sludge was used on
agricultural land (Ministerul Mediului si
Padurilor, Directia Generala AM POS Mediu,
2011).

Accumulated sewage sludge is essentially wet
matter, which can currently be stored on special
platforms equipped with drainage systems or
directly on the ground (Qasim & Shareefdeen,
2022), subsequently finding a solution to
remove it, to make room for another amount of
sludge, or it can be used in some branches of
agriculture, to improve the quality of soils,
through the content of phosphorus and nitrogen
(Shi et al., 2021).

Sludge recovery is not the main objective of the
urban wastewater treatment process. Still, it
should be considered as a means of removing
sludge from the treatment plant area without
having a negative impact on the environment.
Therefore, it is crucial to balance the amount of
sludge generated and recovered through
effective sludge management (Andreoli et al.,
2015).

Unfortunately, significant amounts of dewate-
red sewage sludge are stored in improper
conditions, causing the sludge to become a
source of pollution (Iacob & Deac, 2021).
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The peculiarities of the circular economy (CE)
in the management of municipal wastewater
and sewage sludge in the specific context of
local conditions, such as those in Poland, were
analyzed by Kacprzak (Kacprzak & Kupich,
2021) and Lipinska (Lipinska, 2018), with a
focus on clean and ecological technologies.
From the perspective of the circular economy,
in addition to the recovery, collection, and use
of biogas as an energy source, the recovery of
materials resulting from the purification
process, such as gravel, or the extraction of
phosphorus from sludge or ash (piles) can also
be considered (Domini et al., 2022).

Russian Federation researchers conducted a
preliminary assessment of the possible uses of
biogas from sewage sludge in the Water -
Wastewater - Sludge and Circular Economy
sector. They used a computational model for
biogas and  biomethane, MCBioCHa,
comparing the results with laboratory tests on
sewage sludge fermentation (Kiselev et al.,
2019).

Bratina et al. (2016) carried out a study in
which it presented a method of drying the
sludge in a vacuum at low temperatures, as
well as treating the sludge by reducing heavy
metals with nanoparticles covered with
chitosan.

MATERIALS AND METHODS

To analyze the influence of temperature on the
drying of dewatered sludge under different
ventilation conditions, 14 sludge samples were
collected from the sewage treatment plant in
the Municipality of Arad. They were dried in
an oven and weighed at regular intervals. The
purpose of the determinations was to evaluate
the efficiency of the drying process according
to its duration. As part of the experiment, tests
were carried out using sludge samples with
known moisture, exposed to drying for
different periods. The drying time was divided
into three intervals: 30 minutes, 60 minutes,
and 100 minutes.

To study the evaporation phenomenon in more
detail, the impact of temperature on the drying
process of dewatered sludge was also
investigated, using two distinct temperatures:
50°C and 100°C. Before and after drying, the
samples were weighed using Petri dishes and a
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high-precision analytical balance Kern Adb
100-4. After measuring the initial mass of the
dewatered sludge samples (mi) and the final
mass (mp) after drying, the degree of
evaporation (GE) was calculated, which
represents the evaporated mass concentration,
expressed as a percentage (Olsson & Newell,
2015), which was later used to evaluate the
degree of evaporation of the sludge samples
analyzed in this research using the calculation
formula:

GE = ((m — mp) /my))-100 [%] (1)

Experiments were conducted under both
ventilated and unventilated conditions to assess
the impact of airflow on the drying process.
Additionally, heavy metal content was
determined using flame and electrothermal
atomic absorption spectrometry
(FAAS/ETAAS) to evaluate the potential
environmental risks associated with sludge re-
use (ISO 11047:1998).

The collected sludge was subjected to a
physicochemical analysis to check if the
samples meet the necessary parameters for use
in other fields, according to the requirements
established in the experimental research.

RESULTS AND DISCUSSIONS

The dehydrated sludge at 50°C under
unventilated conditions

To carry out the experiments in non-ventilated
conditions of the drying space, three of the 14
samples taken and prepared by weighing will
be used. Sampling was performed in duplicate,
and the estimated value is the average of the
two measurements. Dewatered sludge with a
solids (SS) content of 22% was the source from
which the samples were selected for the
experiments. The three samples will be
introduced simultaneously into the drying
space at a temperature of 50°C. Samples will
be drawn at 30, 60, and 100 minute intervals.
After each draw, the samples will be weighed
immediately to determine the percentage of
water evaporated.

It is assumed that all parameters are identical,
namely the size of the drying space, the
temperature, and the absence of ventilation.
Table 1 shows the values obtained by
calculation, according to formula (1), for the

three samples subjected to drying in a non-
ventilated space at 50°C for 30, 60, and 100
minutes.

Table 1. Results for 50°C - unventilated

. Initial Final Petri Evaporation
Time mass mass .
[min] m m dish rate

1 2 0/
[e] g | ' el

30 15.32 14.16 36.2 7.57

60 16.12 14.33 36.2 11.10

100 17.23 13.51 36.2 21.59

It can be seen from Table 1 that after 30
minutes, the percentage of humidity decrease is
7.57%. After 60 minutes, the humidity
decreases by 11.10%, increasing to 21.59% at a
holding time of 100 minutes.

In order to determine the optimal temperature
at which sludge drying is effective, another 3
(three) samples from the remaining 11 samples
were used.

The dehydrated sludge at 100°C under
unventilated conditions

The research was carried out under the same
conditions  (unventilated closed space),
increasing the working temperature from 50°C
to 100°C. For this set of experiments, the
conditions of the previous experiment were
maintained in terms of periods.

The parameter change is only the temperature,
which has increased from 50°C to 100°C. In
conditions where the workspace is not
ventilated, the parameter that influences the
degree of evaporation is the temperature, which
increases from 50°C to 100°C.

This experiment was done to show how water
evaporation is influenced by increasing
temperature. The first experiment showed how
water evaporation is influenced by holding time
to dry. Also, through the graphic representation
in the temperature-time coordinates, it is
possible to see how the holding time for drying
influences the evaporation of water under
conditions where the working temperature
doubles. The results align with findings from
other researchers, who reported that proper air
circulation prevents water vapor from
recondensing on sludge, enhancing drying
efficiency (Santos et al., 2020).
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Table 2 shows the values resulting from the
calculations according to the calculation
formula (1), results obtained for the three
samples subjected to drying in a non-ventilated
space, at a temperature of 100°C, for time
intervals of 30, 60 and 100 minutes.

Table 2. Results for 100°C - unventilated

. Initial Final Petri Evaporation
Time mass mass .
[min] m M dish rate

%
[e] g | ]

30 16.32 12.06 36.2 26.10

60 16.58 10.15 36.2 38.78

100 17.05 5.21 36.2 69.44

Table 2 shows that, in the case of the sample
subjected to the thermal treatment of 100°C,
after 30 minutes, the percentage of moisture
decrease is 26.10%. After 60 minutes, the
humidity decreases by 38.78%; after 100
minutes, the decrease reaches 69.44%.

The graphical representation in Figure 1
illustrates the evolution of evaporation as the
temperature increases from 50°C to 100°C.
Thus, water evaporation rises from 7.57% after
30 minutes at 50°C, reaching 21.59% after 100
minutes.

Evaporation rate for unventilated treatment

-#-50°C
——100°C

Evaporation rate [%]

S

30 60

Time [min]

100

Figure 1. Evaporation rate for unventilated treatment.

The evaporation phenomenon significantly
intensifies when the temperature is increased
from 50°C to 100°C, reaching 26.10% after 30
minutes and 79.44% after 100 minutes.

The dehydrated sludge at 50°C under
ventilation conditions

In order to highlight the influence of ventilation
on the drying process, experiments were
carried out under the same temperature and

time conditions, replacing the non-ventilated
drying space with a ventilated one.

The three samples were simultaneously
introduced into the drying space at a
temperature of 50°C. The first sample was left
in the drying space for 30 minutes, the second
was dried for 60 minutes, and the third was
dried for 100 minutes. After each time interval,
each sample was weighed to compare the
weight of the dried sample with its weight
before drying. The difference in weight was
considered equal to the weight of the amount of
water evaporated following drying.

Table 3 shows the values obtained by
calculation, according to formula (1), for the
three samples subjected to drying in a
ventilated space at 50°C for 30, 60, and 100
minutes.

Table 3. Results for 50°C - ventilated

Initial Final . .
. Petri Evaporation
Time mass mass .
[min] m m dish rate
%
[e] g | el
30 16.77 13.26 36.2 20.93
60 17.12 10.13 36.2 40.83
100 18.02 7.11 36.2 60.54
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Table 3 shows the decrease in humidity after 30
minutes, at a temperature of 50°C, in a
ventilated space, by 20.93% for the first
sample. After 60 minutes, under the same
conditions, the degree of evaporation increases
to 40.83%, and after a period of 100 minutes in
the drying space, the evaporation reaches
60.54%.

These experiments highlight how the
phenomenon of water evaporation from the
dewatered sludge is influenced by the holding
time, under the conditions of a ventilated
drying space, at a temperature of 50°C.

The dehydrated sludge at 100°C under
ventilation conditions

The research was conducted under the same
conditions (ventilated closed space), but the
working temperature increased from 50°C to
100°C. Three other samples were used for the
second set of experiments (at a temperature of
100°C).

In these experiments, the conditions of the first
set were kept unchanged, the only change being
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the temperature increase from 50°C to 100°C.
The purpose of these experiments was to
highlight how temperature influences the
evaporation of water during the heating
process.

Table 4 shows the values obtained by
calculations, according to formula (1), for the
three samples subjected to drying in a
ventilated space at a temperature of 100°C for
30, 60, and 100 minutes. The results presented
in Table 4 indicate that, under the conditions of
drying in a ventilated space, at a temperature of
100°C, the evaporation of water is 47.76% after
30 minutes. After 60 minutes, at the same
temperature, the degree of evaporation reaches
62.43%, and after 100 minutes, at a
temperature of 100°C, in the ventilated space,
the degree of evaporation reaches 78.24%.

Table 4. Results for 100°C - ventilated

. Initial Final Petri Evaporation
Time mass mass .
[min] m m dish rate
%
le] g | (¢ el
30 15.62 8.16 36.2 47.76
60 16.29 6.12 36.2 62.43
100 16.13 3.51 36.2 78.24

Ventilation of the drying space significantly
increases the efficiency of the drying process.
Figure 2 shows that the drying differences
between 50°C and 100°C (which are very large
in the case of drying without ventilation) are
greatly reduced when using ventilated spaces.
Proper ventilation of the space can reduce the
drying temperature while maintaining the
efficiency of the drying process.

Evaporation rate for ventilated treatment

~m-50 °C

30

Evaporation rate [%]

60
Time [min]

100

Figure 2. Evaporation rate for ventilated treatment

Interpreting the results offers multiple solutions
and combinations of temperatures, drying
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spaces, and time that can optimize the drying
process. One can analyze the degree of increase
in evaporation percentage under different
temperature conditions and the same time
conditions to identify the most -efficient
settings. The results in Figures 3 and 4
highlight the optimal conditions of time,
temperature, and drying space necessary to
ensure efficient drying of the dehydrated sludge
originating from the wastewater treatment
process in the treatment plants.

Moreover, in the case of non-ventilation of the
drying space, a progressive increase in the
percentage of evaporation was observed, which
increased as the heat treatment progressed. This
phenomenon suggests that, in the absence of
ventilation, the evaporation process continues
progressing as the drying time increases, but
with a lower efficiency than in ventilated
conditions.

Evaporation rate for 50 °C treatment

100
9 -=-Ventilated
S
= - —+Unventilated
£ 60
=
2
§ 40
=3
5
2 20 /
=
0
30 60 100
Time [min]

Figure 3. Evaporation rate for 50°C treatment.

The investigated dewatered sludge samples
were subjected to a chemical analysis to
determine the composition of the elements in
the sludge, to identify the presence of heavy
metals, which may constitute a risk of
environmental pollution (Suciu et al., 2008).

Evaporation rate for 100 °C treatment

100
§ -=Ventilated
= 80 —+Unventilated
£ 60
=
8
T 40
=3
oy
g 20
=

0
30 60 100
Time [min]

Figure 4. Evaporation rate for 100°C ventilated treatment
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The dewatered sludge was chemically analyzed
for heavy metals in accordance with ISO
11047:1998.

Table 5 shows the results of the analyses.
Chemical: dry matter, organic matter, heavy
metals (ISO 11047:1998), total nitrogen (ISO
13878:1998). The analyses were mainly
conducted to determine the heavy metals in the
dewatered sludge. The percentage of these
elements in the dewatered sludge is essential in

determining the final destination of the
dewatered and dried sludge.
The nutrient content of experimentally

determined sludge (ISO 11047:1998) is of
remarkable importance when the sludge is
utilized as an agricultural fertilizer or used to
improve soil conditions. They enrich the soil
with substances essential for plant growth,
making dewatered sludge a useful resource in
agriculture. Also, the use of sludge in
agriculture is conditioned by the presence and
amount of heavy metals (copper, zinc, lead,
chromium, etc.), which have a high degree of
toxicity and accumulate in the soil (ISO
11047:1998).

Table 5. Chemical analyses performed on the sludge

sample
Th £,
Determined UM Vallfe Analysis E i
parameters obtained method § =
Dry substance| STAS12586-
(DS) (%] 17 87
Organic STAS12586-
Substance [%] 82,5 87
[mg/kg ISO
Manganese DS] 283 11047/1999
[mg/ke SRENISO |,
Copper ps] | 37 | 110471999 | 500
. [mg/kg SRENISO |,
Zine ps | %% | 110471999 |"2000
[me/ke SRENISO |,
Crom sul | "' | 1104771999 | 7500
[mg/ SRENISO
Lead keDS]| % | 11047/1999 | 300
. [% DS] ISO )
Total nitrogen 5.19 138781998
[mg/kg SR EN ISO %
Cobalt DS] |, |l188s2009 |
Calciu [%] 2.88 EPA7000B -
Potasiu [%] 0.61 EPA7000B -
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Suppose urban sludge contains low amounts of
heavy metals, generally below the permissible
limits. In that case, sludge resulting from the
combined treatment of domestic and industrial
water may have higher concentrations of heavy
metals, depending on the industry profile.
Therefore, periodic chemical analysis of
sludges is required to monitor and control their
levels.

CONCLUSIONS

The comparative graphic representation of the
results of drying the samples at a temperature
of 50°C and 100°C (without ventilation) shows
a linear increase in water evaporation from
7.57% after 30 minutes at 50°C, reaching a
value of 21.59% after 100 minutes. The
phenomenon of evaporation intensifies as the
temperature increases from 50°C to 100°C.
After 30 minutes, the percentage of evaporation
is 26.10%. After 100 minutes, the value is
79.44%.

Following these experiments, it was
highlighted how the evaporation of water is
influenced by the temperature and the time
allocated to the drying process in the conditions
of a non-ventilated drying space. The increase
in the degree of evaporation from 7.57% to
26.10% after 30 minutes, with the increase in
temperature from 50°C to 100°C, represents a
3.4-fold increase. After 60 minutes, the
increase is from 11.10% to 38.78%,
representing a 3.4-fold increase. After 100
minutes, the evaporation percentage increases
from 21.59% to 69.44%, a 3.2-fold increase.
The drying process is carried out in the non-
ventilated drying space without evenly
distributing the heat throughout the sludge
mass. Lack of ventilation causes water vapor
released during drying to condense and return
to the dried sludge.

The ventilation of the drying space
significantly increases the efficiency of the
drying process. The drying differences between
50°C and 100°C, which are very large in the
case of drying in non-ventilated spaces, are
greatly reduced when using ventilation spaces
with an increasing trajectory, but a linear
trajectory.

In contrast, in the ventilated drying space, at a
temperature of 50°C and a drying time of 30
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minutes, the degree of dehydration is 20.93%.
Raising the temperature to 100°C and keeping
the drying time the same results in an
evaporation rate of 47.76%, a 2.2-fold increase.
After 60 minutes, the degree of dehydration
increases from 40.83% to 62.43%, a 1.5-fold
increase. After 100 minutes, the degree of
evaporation is 60.54% at 50°C, and at 100°C it
increases to 78.24%, a 1.3-fold increase. The
rate of increase in evaporation remains
relatively constant, and the increase is more
uniform in the case of ventilation of the drying
space, as opposed to drying in unventilated
spaces.

Water vapor returning to the sludge negates
dewatering efforts. Moreover, these vapors can
be toxic and, by accumulation, become
dangerous. Sludge drying should only be done
in properly ventilated areas that allow
evaporation to be controlled and vapors to be
directed to safe areas for condensation and
disposal without endangering the safety of the
work area.

Experiments carried out in unventilated spaces
have shown that sludge drying is possible with
higher temperatures and longer times. Still, the
uncontrolled presence of vapors in the working
space constitutes a significant risk and prevents
the process from being carried out on an
industrial scale. The degree of evaporation
remains relatively constant during drying. The
lack of homogeneity of temperature in the
drying space, caused by the absence of
ventilation, leads to high evaporation rates.

The values obtained from these experiments
highlighted the correlation between
temperature, drying time, and the degree of
evaporation.

With the increase in the drying temperature, a
constant increase in the evaporation percentage
was observed, which increased as the heat
treatment  increased. This  phenomenon
indicates that evaporation continues to occur in
the absence of ventilation as drying time
increases, but at a lower efficiency compared to
ventilated drying conditions. Following the
analysis of the chemical substances from the
sludge samples from the Arad Wastewater
Treatment Plant, especially the heavy metals, it
was proven that they are far below the limits
allowed by the standards in force (Directive
86/278/CEE), which means that it can be used
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as a fertilizer for plants and used on agricultural
land, without affecting the ecological balance.
Future research will focus on finding safe areas
for the use of dewatered and dried sludge so
that in the near future, sludge will be viewed
not as a colossal waste but as an inexhaustible
resource.
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Abstract

Many legacy and emerging chemicals pose significant environmental concerns due to their persistence, bioaccumulation
potential, toxicity, and widespread presence in environment. Among those, are organochlorine (OCs) and
organophosphate (OPs) pesticides. This study aimed to develop a GC-MS/MS method for the targeted analysis of selected
OCs (1,2,3,4,5,6-hexachlorocyclohexane (HCH) isomers, aldrin, and chlordecone) and OPs (dichlorvos, chlorpyrifos,
and chlorpyrifos-methyl). The linearity of the developed method was assessed for selected organochlorine and
organophosphate pesticides, yielding good R? values (= 0.98) for all target compounds except chlordecone. Furthermore,
a spiking procedure in sol and compost was developed for OCs and OPs. To quantify OCs and OPs in soil and compost,
Soxhlet extraction with toluene was used, followed by clean-up with silica-based chromatographic columns. Good
recoveries were obtained for aldrin and chlorpyrifos-methyl. Lower correlation with spiked concentrations for some
compounds was likely due to matrix effects. The results showed that GC-MS/MS is an efficient method for the
quantification of OCs, and OPs, in complex matrices as soil and compost, highlighting their applicability for
environmental monitoring and contamination assessment.

Key words: GC-MS/MS, compost, soil, clean-up.

INTRODUCTION chemicals in soil reduces their bioavailability

and extractability, influencing their
Spiking organic chemicals into soil enables environmental fate and toxicity (Alexander,
controlled and reproducible experiments to 2000; Hatzinger & Alexander, 1995; Wang,
study their interactions with the soil matrix and Schlenk & Gan, 2019). This phenomenon is

to validate analytical methods. In the same time,  particularly important for understanding the
spiking can be used to validate analytical environmental fate, persistence, and toxicity of
methods for detecting chemicals in soil (Brinco, ~ pollutants such as pesticides, polycyclic

Guedes, Gomes da Silva, Mateus, & Ribeiro, aromatic hydrocarbons (PAHs) (Preda, Mocanu
2023).  High-volume spiking facilitates & Tanase, 2024), and other hydrophobic organic
homogenous distribution of compounds in compounds (Duan et al., 2015). Many organic
samples, enhancing reproducibility  and chemicals may diffuse into micropores or
analytical ~method validation (Keighley, become tightly associated with soil organic
Ramwell, Werner &  Sinclair, 2021). matter, making them harder to extract or degrade
Furthermore, it is a technique commonly used in (Barriuso, Benoit & Dubus, 2008; Jespersen,
environmental science, soil chemistry, and Trapp & Kaistner, 2024; Ukalska-Jaruga et al.,
ecotoxicology that is introducing relatively large 2023). Furthermore, some organic contaminants
concentrations of specific organic compounds can form non-extractable residues through
(van Hall & van Gestel, 2025). In the same time, covalent or strong non-covalent interactions
high-volume spiking ensures a uniform and  with humic substances in soil (Loeffler et al.,
known concentration across samples, improving 2020). For this reason, in order to avoid the
reproducibility of lab-based experiments formation of non-extractable residues it is
(Brinch, Ekelund & Jacobsen, 2002; Northcott recommended that for some organic
& Jones, 2000). The ageing process of organic contaminants, the tests or the analysis with the
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spiked soils to be performed no longer than
several weeks after the spiking procedures
(Northcott & Jones, 2000).

Organochlorine pesticides (OCs), such as HCH
isomers, aldrin, and chlordecone, are persistent
synthetic compounds previously used in
agriculture and now recognized for their
environmental persistence and toxicity (Micuti
etal., 2018; Pang et al., 2022). Among them, the
1,2,3,4,5,6-hexachlorocyclohexanes  (HCHs).
HCHs can be considered as model compounds
since they are persistent, global pollutants that
were banned by the Stockholm Convention (Liu
et al.,, 2017). Other priority organochlorine
pesticides are: aldrin, and the chlordecone a
synthetic organochlorine pesticide, extensively
used in banana plantations of the French West
Indies from 1972 to 1993 and which therefore
was detected in pumpkin and zucchini in the
French Region Aquitaine (Chevallier et al.,
2018). Comparing with the HCHs, the
persistence of chlordecone in the environment is
higher due to its bis-homocubane structure
(Momtaz & Khan, 2024) numerous chlorine
atoms. Organophosphate pesticides (OPs) are a
group of synthetic chemicals used to control
insects on crops, animals, and in homes. Among
them, dichlorvos is an is an insecticide and
acaricide, while chlorpyrifos and chlorpyrifos-
methyl are acetylcholinesterase inhibitors and
they were extensively used to control insect
pests on various crops and in stored grain
(Kunwar et al.,, 2021; Mazari et al., 2020).
Reliable quantification of OCs and OPs in
complex matrices such as soil and compost
requires advanced analytical methods with high
sensitivity and specificity. In the case of
contaminants suitable for gas chromatography-
mass spectrometry methods, the used of tandem
mass spectrometry using triple quadrupole
analysers (GC-QQQ-MS) is employing the
development of multiple reaction monitoring
(MRM) methods. MRM method development
involves three critical steps: (1) selection of
precursor ions, (2) optimization of collision
energy, and (3) adjustment of dwell time to
balance sensitivity. A higher dwell time
increases the sensitivity but also decreases the
number of points available for each target peak
(Badea, Geana, Niculescu & Ionete, 2020). GC-
QQQ-MS is considered a highly sensitive
technique for targeted and trace-level analysis
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(pg to fg range on-column). GC-QQQ-MS
allows for the selection of a specific precursor
ion, its fragmentation in the collision cell, and
the subsequent selection of a fragment ion for
detection, significantly reducing chemical noise
and enhancing the signal-to-noise ratio. In spite
of its sensitivity, the linearity domain of the
MRM methods is somewhat limited and
depends on the sensitivity of the mass
spectrometer, as well on the ionization
efficiency of the compound and on matrix
effects (Vijaykumar et al., 2025). Usually, the
linearity domain of the MRM methods is ranged
from sub-ng/mL to pg/mL, depending on the
compound and method sensitivity.

This study aims to develop and validate a GC-
MS/MS method for quantifying selected
organochlorine and organophosphate pesticides
in soil and compost. The method includes
assessment of linearity, recovery rates, and
matrix effects in both sample types.

MATERIALS AND METHODS

Chemicals. Most of the target chemicals (a-HCH
(analytical purity: 99%, B-HCH (99 %), y-HCH
97 %), 8-HCH (99 %), hexachlorobenzene
(HCB) (99 %), dichlorvos (99 %) and chlordecone
(99 %) were obtained from Sigma-Aldrich
(Darmstadt, Germany), while aldrin (99%),
chlorpyrifos (99%) and chlorpyrifos-methyl
(99%) and triphenyl phosphate (TPP) (99%)
were purchased from Dr. Ehrenstorfer
(Germany).

Linearity domain test. To evaluate the linearity,
two calibration mixtures - one for OCs and one
for Ops - were prepared in dichloromethane
(DCM).

Table 1. The concentration domains of OCs and OPs
tested in the linearity test.

Tested concentration range

Compound (ng/mL)
Aldrin 54-8130
a-HCH 45-6750
B-HCH 57-8625
y-HCH 58-8700
6-HCH 45-6825
Chlordecone 50-8812
Dichlorvos 49-7481
Chlorpyrifos 59-8850
Chlorpyrifos-methyl 50-7620
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HCB (505 ng/mL) and TPP (505 ng/mL) were
used as internal standards for OCs and OPs,
respectively. The range of concentration range
for OCs and OPs is summarized in Table 1.
Spiking of soil and compost. Approximately 60
g of soil and 60 g of compost were spiked with
25 mL of an acetone solution containing the
target OCs and OPs (excluding dichlorvos and
chlordecone).  Samples were homogenized
manually, to accelerate acetone evaporation.
The theoretical concentration for the target
compound in soil were: 0.09 pg/g for aldrin,
0.08 pg/g for a-HCH 0.04 pg/g for B-HCH,
0.05 pg/g for y-HCH, 0.05 pg/g for 8-HCH,
0.10 pg/g for chlorpyrifos and 0.09 pg/g for
chlorpyrifos-methyl  while the theoretical
concentration for the target compounds in
compost were 0.09 pg/g for aldrin, 0.08 pg/g for
a-HCH 0.05 pg/g for B-HCH, 0.05 pg/g
for y-HCH, 0.06 pg/g for 8-HCH, 0.11 ng/g for
chlorpyrifos and 0.09 pg/g for chlorpyrifos-
methyl.

Extraction and clean-up of the soil and
compost samples. Triplicate 10 g portions of
each spiked matrix were extracted via Soxhlet
using toluene for 24 hours. Internal standards
(100 pL of 100 pg/mL HCB for OCsand 100
pL of 100 pg/mL TPP for OPs) were added prior
to extraction. Upon evaporation, the clean-up of
the extracts was performed both with 3 x 3 mL
of' n-hexane on SPE columns containing 500 mg
silica (55 um, 70 A) and with 120 mL hexane on
8 g of silica gel deactivated with 10% water
(w/w) packed on glass columns. About 1 ml of
toluene was added to the eluates followed by the
evaporation of n-hexane. Before GC-MS
analysis, the recovery standard (RS), consisting
of heptachlor was added.

GC-MS analysis. The target compounds were
analysed using an Agilent 7890B gas
chromatograph (GC) coupled to Agilent 7010
triple quadrupole mass spectrometer (Agilent
Technology, Palo Alto, USA) operated in
positive electron ionization (EI) mode (70 eV) and
configured in multiple reaction monitoring
(MRM). The samples (volume: 1pL) were
injected at 225°C into a PTV injector operated in
split less mode, while the flow rate of carrier gas
(helium) was 1 mL/min. The target compounds
were separated on a Agilent HP-SMS (5% Phenyl
Polysilphenylene-siloxane)  capillary  column
(30 m % 0.25 mm % 0.25 pum), using the following
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oven program: initial temperature of 40°C (5 min
isothermal), ramp with 5°C min ' to 110°C ©
min), 20°C min  to 180°C (0 min), 5°C min |
to 230°C (0 min) and 20°C min ' to 310°C (3
min isothermal).

RESULTS AND DISCUSSIONS

Assessment of linearity domains. The linearity
domains across two orders of magnitude
concentrations were assessed. The respective
domains were assessed as linear if the R-Square
values (R?) of the linear regressions were at least
0.98 or higher. For aldrin, linearity was observed
in the concentration range of 54—1622 ng/mL
(R2>0.98). Higher concentrations (2710 ng/mL
and 8130 ng/mL) fell outside the linear range
(Figure 1).
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Figure 1. Linearity domain of the aldrin for developed
GC-MS-MS method

Assessment of linearity domains  for
hexachlocylohexanes (HCHs) is presented in
Figure 2. The linearity domain for a-HCH was
calculated in the range 45-1347 ng/mL, while
the concentrations of 2250 ng/mL and
6750 ng/mL were considered as outside of linear
domain (Figure 2A). The linearity domain for -
HCH was defined in the range 57-1721 ng/mL,
while the concentrations of 2875 ng/mL and
8625 ng/mL were outside of the linear domain
(Figure 2B). The linearity domain for lindane (y-
HCH) was measured in the range 58-1736
ng/mL, while the concentrations of 2900 ng/mL
and 8700 ng/mL were considered as outside of
linear domain (Figure 2C). Also, the linearity
domain for 6-HCH was defined in the range 45-
1362 ng/mL, while the concentrations of 2275
ng/mL and 6825 ng/mL were outside of the
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linearity domain (Figure 2D). Overall, similar
linear ranges were observed for all HCH
isomers, likely due to their comparable
molecular structures and physicochemical
properties. The assessment of linear domain for
chlordecone in the range 58-2937 ng/mL gave a
week R-square value (R?> = 0.786) comparing
with the other OCs, even upon exclusion of its
higher concentration of 8812 ng/mL (data not
shown). This indicates that hexachlorobenzene
is not a good internal standard for chlordecone
in GC-MS-MS determinations and
Hexabromobenzene (HBB) or TPP may be
preferred. The assessment of linearity domains
for OPs is presented in Figure 3. Dichlorvos
gave a good linearity domain in the range 49-
2493 ng/mL (R? = 0.99) showing the highest
linearity domain from all the target compounds
(Figure 3A). This may be attributable to its
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lower molecular weight (MW = 220.97)
comparing with the rest of the target
compounds. The linearity domain for
chlorpyrifos was calculated in the range 59-1177
ng/mL, while the last three concentrations of
1766 ng/mL, 2950 ng/mL, 2540 ng/mL and
8850 ng/mL were considered as outside of linear
domain (Figure 3B). The linearity domain for
chlorpyrifos-methyl was defined in the narrow
range 254-1520 ng/mL, while both the last two
lowest concentrations (50 ng/mL and 101
ng/mL) and last highest concentration (7620
ng/mL) being calculated as outside linear
domain (Figure 3C). Overall, the results of the
linearity test shown extensively linearity domain
for all the target compounds and this shown that
the developed GC-MS-MS method was
validated from linearity point of view.

y = -D.11851 + D.DO105"x

Figure 2. Linearity domain for a-HCH (m) )(A), B-HCH (e) (B), v-HCH (A) (C) and 8-HCH (V) (D)
for the developed GC-MS-MS method

Assessment of concentrations in soil and
compost. The concentrations of OCs and OPs in
soil samples are presented in Table 2 and those
values are comparing with those of the
theoretical spiked concentrations.

Aldrin  (117.20%) and chlorpyrifos-methyl
(116.08%) recoveries in soil were consistent
with their theoretical concentrations, indicating
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effective extraction and minimal matrix

interference for these compounds.

For the rest of the OCs and OPs the concordance
with the spiked concentration is weak (Table 2).
The high recoveries may indicate a strong
matrix enhancement for some compounds (e.g.
vy-HCH).
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Figure. 3. Linearity domain for diclorvos (m) (A), chlorpyrifos (<) (B), and chlorpyrifos-methyl (¢) (C)
for the developed GC-MS-MS method

Table 2. Concentration of OCs and OPs pesticides
determined in soil

Compound | Theoretical Measured |Recovery

concentration | concentration (%)
(ng/g) in sol (ug/g)
Aldrin 0.09 0.11£0.002 | 117.20
o-HCH 0.08 0.05+0.004 | 60.50
B-HCH 0.04 0.06 +0.01 | 134.86
y-HCH 0.05 0.16 £0.01 314.24
8-HCH 0.05 0.07+0.01 | 127.66
Chlorpyrifos 0.10 0.15+£0.11 | 150.03
Chlorpyrifos- 0.09 0.10£0.05 | 116.08
methyl

Table 3. Concentration of OCs and OPs pe

sticides

determined in compost

Theoretical Measurefi
Compound | concentration concentration RCCSVCW
(ug/e) in compost (%)
(pg/e)
Aldrin 0.10 0.08 +0.01 84.07
o-HCH 0.08 0.05+0.002 | 66.50
B-HCH 0.05 0.07£0.002 | 141.36
y-HCH 0.05 0.08 £0.01 136.49
6-HCH 0.06 0.07 £0.01 124.20
Chlorpyrifos 0.11 0.39+0.01 | 363.68
Chlorpyrifos- 0.09 0.11+0.004 | 119.51
methyl

The discrepancies between measured and spiked
concentrations, particularly in compost, are
likely attributable to matrix effects such as co-
extracted interferences causing ion suppression
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or enhancement in the mass spectrometer. (Wu
& Ding, 2023). These effects can suppress or
enhance the ionization of target OCs and OPs in
the mass spectrometer detector, leading to
inaccurate results. The concentrations of OCs
and OPs in compost samples are presented in
Table 3 and those values are comparing too with
those of the theoretical spiked concentrations.
Here too, the concentration of aldrin (0.08 +
0.01 pg/g, recovery of 84.07%) and
chlorpyrifos-methyl (0.11 =+ 0.004 pg/g,
recovery of 119.51%) are in good concordance
with spiked concentrations. For the rest of the
OCs and OPs, the concordance of measured
concentrations with spiked concentrations is
weak too, probably due to matrix effects. Non-
isotopically labelled internal standards may be
insufficient to fully correct for matrix effects
and losses during sample preparation.
Isotopically labelled analogues are
recommended for improved quantification
accuracy, as supported by prior studies (Badea,
Lundstedt, Liljelind & Tysklind, 2013) (Peiia,
Sosa, Hilber, Escobar & Bucheli, 2024).

CONCLUSIONS
A GC-MS/MS method was successfully

developed and applied for the quantification of
selected organochlorine and organophosphate
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pesticides in soil and compost. The evaluation of
linearity domains gave good R? values for all the
target compounds excepting for chlordecone.
Dichlorvos exhibited the broadest linear range,
likely due to its lower molecular weight and
favourable ionization characteristics. Overall,
the results of the linearity test shown extensively
linearity domain for all the target compounds.
With respect of solid matrices analyses, aldrin
and chlorpyrifos-methyl showed recoveries
consistent with their theoretical spiked levels in
both matrices, indicating reliable quantification
under the proposed method. Deviations in
recovery for other analytes were attributed to
matrix effects, highlighting the need for more
robust internal standardization. In order to
overcome those matrix effects, the use of
isotopic labelled internal standards (contains
atoms of 2H, '*C) is expecting to lead to higher
accurate concentration values for a variety of
OCs and OPs. Overall, the study demonstrates
the feasibility of applying a GC-MS/MS method
for multi-residue pesticide analysis in complex
environmental matrices.
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Abstract

Waterjet cutting is an industrial method that uses high-pressure water jets to cut a variety of materials such as metals,
concrete, wood, ceramic, stone, rubber, foams, plastic, etc. For improving the procedure performance, in terms of
speed and cutting accuracy, abrasive agents like red garnet sand is mixed with the water, generating the Abrasive
Water Jet (AWJ) methodology. This is known to present environmental drawbacks, including the production of
wastewater, garnet sludge and corresponding dried wastes, and microscopic particles from the cut materials, still
disposed in household landfills, which generate severe environmental issues. Using Garnet Sand (SG) wastes in
cementitious materials (mortars and concrete) as partial aggregate substitution is an innovative approach to enhance
sustainability in construction, offering several benefits like increased strength, durability performance, etc., reduced
production costs due to the re-using material approach and ecological protection as well. Preliminary studies in this
direction were conducted in the last years within NIRD URBAN — INCERC, Timisoara branch, showing encouraging
results in the proposed aggregate substitution proposal in the regular mortar mixes, in accordance with initial
international studies in the field. The current paper aims to confirm the initial results by specific extension of the
research area, reaching some critical parameters, like SG material source variation, as a mandatory validation
procedure of preliminary conclusion and foundation of further specific studies regarding the viability of the SGs
recycling opportunities in construction products and their effective use.

Keywords: aggregate substitution, Circular Economy (CE), green building design, recycling, Spent Garnet (SG).

INTRODUCTION etc.) without inducing thermal damage or

structural distortion (Figure 1). Garnets, the
Abrasive waterjet (AWJ) cutting is an  most versatile abrasive material for the AWJ
advanced, non-thermal machining technique process, represents a group of silicate minerals
that utilizes a high-pressure jet of water mixed = known for their crystalline structure and
with abrasive particles - primarily Garnets - to diverse chemical compositions; the general
cut a wide range of materials with precision. chemical formula is X3Y2(SiO4)3, where X and
The AWIJ cutting technique is widely used in Y are various metal cations, such as calcium,
various industries due to its ability to magnesium, aluminium, iron, and manganese
accurately process a diverse range of materials (Chass¢ et al., 2018). The chemical
(metals, ceramics and glass, composites, stone composition flexibility of Garnets determines
and marble, metals and other hard materials, their wide range of varieties, each with distinct
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physical and optical properties. The most  Mohs scale), angular particle shape, and
common colour of Garnets is red (reddish-pink chemical stability, which facilitate efficient
range of colours), but they can also be green, cutting while minimizing equipment wear
orange, yellow, or even black, depending on (Baera et al., 2023; Cornelia B. et al., 2023;
their specific type (Figure 2). Garnet varieties  Vasile et al., 2024). Garnet production varies

include (Bucher et al., 2019; Usman et al., globally, with several countries, like India,
2021; Skanavi & Dovydenko, 2018; Vasile et Australia, United States, China, South Africa,
al., 2024): etc., leading the extraction and processing and
- Almandine (iron - aluminum, Fe3Alz2(SiO4)3, also dominating the global Garnet market, as
of red to reddish-brown colour, represents raw materials suppliers for industries such as
the most widespread of Garnets, with a wide waterjet cutting and sandblasting
range of use in abrasive applications; (https://pubs.usgs.gov/periodicals/mcs2024/mc
- Pyrope (magnesium - aluminum, s2024-garnet.pdf). According to Precision
Mg3Alz(SiOa4)3), of deep red colour; Business Insights
- Spessartine (manganese - aluminum): (https://www.precisionbusinessinsights.com/m
Orange to reddish-brown; arket-reports/garnet-market) “the global Garnet
- Grossular (calcium - aluminum): Green,  market size was valued at approximately
yellow, or colorless; $892.8 million in 2024 and is projected to grow
- Andradite (calcium - iron): Green, yellow, at a compound annual growth rate (CAGR) of
or black, etc. 7.2% from 2025 to 20317, which predicts a

Garnets are preferred for AWJ cutting corresponding growth of the industries
procedures due to their hardness (6.5-7.5 on the connected to AWJ processes.

a) ‘ b)

Figure 1. Abrasive waterjet cutting device for material processing: a) specific AWJ equipment (Vasile et al., 2024); b)
metal piece processed by AWJ operations (TimCut SRL, Timisoara, Romania)

a)

Figure 2. Garnet sands: a) Garnet sand deposits, Long Island Sound in Madison, Connecticut, USA; b) Garnet sand
grains (aspect and colour variation) (https://fredmhaynes.com/2021/03/11/a-sea-of-garnet-sand/)

In abrasive waterjet (AWJ) cutting operations consisting of a liquid suspension of water
utilizing Garnets (Figure 1), the process mixed with smaller, altered Garnet particles of
produces Garnet slurries as the initial waste, varying size distribution (Cornelia B. et al.,
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2023; Vasile et al., 2024). Typically gathered in
a container positioned beneath the cutting
equipment, the Garnet slurries are periodically
removed at irregular intervals and, through
natural drying, form waste piles (Figure 3).
Discarding spent Garnet sands (SGs) in
landfills generates environmental pollution and
increases waste management costs. Integrating
sustainable materials and innovative techniques
in civil  engineering  contributes  to
environmental protection while enhancing
resource efficiency and structural reliability,
which  requires  sustainable  solutions
(Longobardi et al., 2024; Olinic et al., 2024).
Research performed in the last decade shows
the potential of SG materials as a fine
aggregate  replacement in  construction
materials, mortar and concrete. This can be
seen as an eco-friendly alternative to natural
sand, which represents an exhaustible, natural
resource. In this context, garnet waste, a
byproduct of abrasive waterjet cutting in the
material processing industry, can be effectively

a)

repurposed in the construction sector. It holds
significant potential for use in cement-based
(Budiea et al., 2021; Ab Kadir et al., 2019;
Kanta & Ponnada, 2021; Lim et al., 2020;
Kunchariyakun & Sukmak, 2020; Jamaludin et
al., 2021) or alkali-activated concrete (Huseien
et al.,, 2019; Muttashar et al., 2018a; 2018b)
and mortars, plaster, fibre-reinforced
composites, and other building materials
(Cornelia B. et al., 2023; Vasile et al., 2024).
The use of SG waste as a replacement for fine
aggregates in cement-based materials, such as
mortar and concrete, has been explored to
enhance  sustainability in  construction.
Experimental studies performed worldwide
indicated that incorporating spent Garnets
(SGs) in the concrete or mortar mixture can
improve their physical and mechanical

properties, such as densities and workability,
flexural and compressive strength, while also
contributing to environmental sustainability.

Figure 3. AWJ processes waste generation: a) Waterjet sludge collected in recipients (TimCut SRL, Timisoara);
b) Garnet waste dry slurry collected in outside recipients for medium-term storage (National Research & Development
Institute for Welding and Material Testing - ISIM Timisoara, Romania) (Vasile et al., 2024)

Overview of ongoing research

Over the past decade, the rapid growth of the
AWJ industry and the associated waste
generation have driven an increasing need for
research on SG waste management, particularly
its integration into construction materials. This
demand has led to a proportional rise in studies
focused on repurposing SG in the building
materials industry, in accordance with the
Circular Economy approach: innovative
transformation of potential waste into new
products with distinct life cycles. In this
context, SGs generated from abrasive waterjet
material processing can be repurposed as a
valuable  by-product through improved
industrial process control. The SG wastes can
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therefore be effectively integrated into various
building materials, mortar and concrete as well
(Baera et al., 2023). Early studies conducted by
Malaysian researchers explored the potential of
garnet waste in alkali-activated mortars and
concrete (Muttashar et al., 2018a; 2018b),
while parallel research efforts investigated its
application in cementitious composites as part
of spent Garnet valorisation (Budiea et al.,
2021; Ab Kadir et al., 2019; Kanta & Ponnada.,
2021; Lim et al, 2020; Kunchariyakun &
Sukmak, 2020; Jamaludin et al., 2021; Huseien
et al., 2019). A common methodology in these
studies involves developing a reference mortar
or concrete mix, followed by testing variations
with incremental sand replacement levels of
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25%, 50%, 75%, and 100%. The findings
consistently highlight the viability of sand
substitution by SG material for cement-based
mixes.

The present study was developed within the
research project PN 23 35 04 01 of Nucleu
Programme of the National Research
Development and Innovation Plan 2022-2027,
"ECODIGICONS", supported by the Ministry
of Research, Innovation and Digitalization,
with  focus on  waste  management
implementation, environmental protection and
natural resources saving (Baera et al., 2023;
Cornelia B. et al., 2023; Vasile et al., 2024) and
is consistent to the previously mentioned
experimental — methodology: a  standard
cementitious mortar was first developed as the
reference  mix (R). Subsequently, the
conventional sand was partially replaced with
SG waste material, sourced from two local
companies. The first stages of the study (Baera
et al., 2023; Cornelia B. et al., 2023; Vasile et
al., 2024) evaluated as favourable the
compatibility of Garnet waste material with
cement-based materials, by the means of
comparative analysis of fresh and hardened
state properties (fresh state appearance,
cohesivity of the mixture, material consistency
and fresh state density, etc., together with
hardening age and typical mechanical
performance, 7-day and 28-day flexural and
compressive strength, etc.) in substitution
mortars relative to the reference. The focus of
this phase is the validation of the previous
conclusion and evaluation of its consistency,
with respect to the viability of the proposed
substitution procedure. The current natural
aggregate substitution was conducted by
weight, following guidelines from previous
studies on the subject, with replacement levels
of 10%, 30% and 50% of the sand (S) content
in the reference mix.

MATERIALS AND METHODS

The current experimental procedures are
performed to validate the previous conclusions
of the initial stages of the study. Consequently,
the SG material used in this study, derived
from two local providers: SG 1 and SG 3 were
provided from the National Research &
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Development Institute for Welding and
Material Testing (ISIM) (Ionescu et al., 2014;
Perianu et al., 2017), but they were collected at
different times - SG 1 in April 2022 and SG 3
in August 2023, over a year apart (Vasile et al.,
2024). This time gap is considered significant
for assessing the consistency of preliminary
findings, as it allows for an evaluation of waste
dynamics in terms of both material properties
and  compositional  performance  when
integrating SG 1 and SG 3. Additionally,
another SG source is considered, namely the
local company SC Tim Cut SRL Timisoara,

Romania, specializing in AWJ material
processing technology
(https://www.timcut.ro/); the material they
provided is denoted SG 5.

The comparative evaluation is performed in
terms of mechanical behaviour, of the modified
mortars with respect to the reference, namely
flexural and compressive strength recorded at
early ages (7 days) and also the regular age of
28 days. The control mixes (R1 and R2) consist
of conventional mortars, while the test mixes
incorporate SG materials (SG 1, SG 3 and SG
5) as a partial replacement for sand in the
reference mix (R). The substitution is
performed at 10%, 30% and 50% by mass,
following the standard ~ methodology
established in previous studies, and the mixing
procedure is in accordance with EN 196-1 and
1015-11.

Raw materials

The Reference and the SG mixes were

produced with locally available raw materials

(Figure 4):

- Portland Cement, CEM II/A-LL 42.5 R (C)
(Figure 4a);

- granular class 0/4 Natural sand (S), (Figure
4b);

- Spent Garnet sand (SG), from by two
distinct local sources: SG 1 (Source 1
(ISIM), sampling: April 2022), (Figure 4c);
SG 3 (Source 1 (ISIM), sampling: August
2023, (Figure 4d); e) SG 5 (Source 2 (Tim
Cut SRL) (Figure 4c), sampling: 2023,
(Figure 4e);

- Water (tap water);

Free additives mixtures.



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

c) d)

Figure 4. Raw materials: a) Portland Cement; b) Natural sand (0/4), S; ¢); SG 1 (Source 1 (ISIM), sampling: April
2022); d) SG 3 (Source 1 (ISIM), sampling: August 2023); ¢) SG 5 (Source 2 (Tim Cut SRL), sampling: 2023)

Preliminary experimental procedure - S+SG blended aggregate, containing 10%, 30%
Granulometric analysis and 50% replacement levels of the sand (S).
The sieving analysis is performed according to The graphical representation of the sieving
EN 933-1 method for the usual sand 0/4 (S), analysis is presented in Figures 5 and 6 (Vasile
for the considered substitution SG materials, etal., 2024).

SG 1, SG 3 and SG 5 and additionally for the

a); b)

Figure 5. Determination of particle size distribution for SG 1 50% mixture: a) component materials, S+ SG 1, before
mixing; b) S+SG 1, after mixing; c) particle size fractions (retained on sieve) resulting from the sieving operation
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Figure 6. Aggregate grading: a) Natural sand 0/4 (S), SG 1, SG 3 and SG 5; b) Natural sand 0/4 (S),
blended aggregate mixture of S+SG (1, 3 or 5) (10%); c) Natural sand 0/4 (S), blended aggregate mixture
of S+SG (1, 3 or 5) (30%); d) Natural sand 0/4 (S), blended aggregate mixture of S+SG (1, 3 or 5) (50%)
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Mix proportion and specimen preparation
The reference mortar mixes, R1 (W/C) 0.61)
and R2 ((W/C) 0.56), were developed with
classic raw materials: regular sand 0/4 (S),
cement and water are produced (Cornelia B. et
al., 2023; Vasile et al.,, 2024). The S+SG
mortar mixes were produced by SG material
incremental replacement, by mass, of the usual
aggregate (S), with SG additions (10%, 30%
and 50%). The 10% sand replacement presents
reduced economic significance for real use
purposes, but it serves as important data for
completing the perspective regarding the
incremental growth and the corresponding
mortar performance.

The mortar mix design follows the
approach used in the preliminary studies
(Cornelia B. et al., 2023; Vasile et al., 2024),
the mixing process performed in accordance
with the SR EN 196-1 and SR EN 1015-11
standards. Similarly, the casting of prismatic
specimens (40 x 40 x 160 mm) and their
conditioning before mechanical testing remain
consistent with previous research (Baera et al.,
2021; 2022; 2023; Vasile et al., 2024). The SG
mortars incorporate blended aggregate mixes,
with SG materials replacing the natural 0/4
sand at predetermined substitution levels of
10%, 30% and 50%. The water-to-cement

(W/C) ratio for SG mortars is maintained at
0.56, aligning with R2. The mix proportions for
both the reference mortars (R1 and R2) and the
SG-modified mixes are standardized relative to
the cement content (C = 1.0) and are detailed in
Table 1. Figure 7 emphasises some relevant
stages of the mortar specimen development
process and testing procedures, as well.

Table 1. Mix proportions of the considered mortar
mixtures: References and SG mixtures

Ingredients c |sos| sG |wic| arc
Mixtures
RI-1 T [ 3 | - [056] 3
R2-1 T | 3 | - [o6l] 3
SG 1-110% 1 210 | 090 | 056 | 3
SG 1-130% 1 270 | 030 | 056 | 3
SG 1-1 50% 1 150 | 150 | 056 | 3
RI T [ 3 | - |0s56] 3
R T [ 3 | - o6l 3
SG 110% 1 [ 2.10 | 090 | 056 | 3
SG 130% 1 270 | 030 | 056 | 3
SG 150% 1 150 | 1.50 | 0.56 | 3
SG3 10% 1 210 | 090 | 056 | 3
SG 330% 1 270 | 030 | 056 | 3
SG 3 50% 1 150 | 1.50 | 056 | 3
SG 5 10% 1 210090 | 056 | 3
SG 530% 1 270 | 030 | 056 | 3
SG 5 50% 1 150 | 1.50 | 0.56 | 3

Figure 7. Specimen preparation and testing: a) fresh state aspect of the mortar during mixing sequences; b) fresh mortar
casted in the prismatic mold; ¢) SG 5 50% mix specimen after removal from the mold, 24 h after casting and specific
conditioning (air, high moisture (>95%)); d) Specimen placement in the 3PB testing equipment; ¢) Compression testing;
f) Specimens after 3PB and compressive testing
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After mixing and fresh state evaluation, the
mortars were cast into the 40 x 40 x 160 (mm)
prismatic, metallic molds (Figure 7b), cured for
24 h at the temperature T (20+1)°C and relative
humidity RH  (90+5)%. The hardened
specimens (Figure 7c¢) were removed from the
molds after 24 hours, visually evaluated and
placed in water at the temperature T (20£1)°C,
until the testing age, 7days and 28 days,
respectively.

Hardened state evaluation of the SG mixes:
validation of early and regular age
mechanical performance

The validation stage of the SG substitution
mortars (Table 1) is performed based on the
mechanical characteristics of the developed
mixes, namely the compressive and flexural
strength, at early age (7 days) and regular age
of 28 days.

The mechanical performance of the mortars is
evaluated via bending tensile strength (three-
point bending, 3PB) and compression strength,
determined on the 40 x 40 x 160 mm prismatic

specimens (Figure 7d), at early age (7 day-
strength) and further at 28 days, in accordance
with EN 1015-11 and EN 196-1 specifications.
The flexural strength was determined using the
three-point bending (3PB) test performed on
whole specimens (Figure 7d), followed by the
compression test on the resulting half-prism
specimens (Figure 7¢).

RESULTS AND DISCUSSIONS

Aggregate grain size distribution

The natural sand 0/4 (S) has a lower fine grain
content, as anticipated. Replacing 10% natural
sand (S) with SG material does not influence
the overall grain size distribution (Figure 6b),
but 30% and 50% sand replacement by SG
(Figure 6¢ and 6d) helps balance the aggregate
grading curve. All SG materials exhibit a
consistent grain size distribution pattern
(Figure 6a, Figure 8), with minimal variation,
enhancing the reliability of the proposed
substitution.
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561
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56110% 563 10%
565 10% 5G610% S
56130% 56330%
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—s6530% —s56630%
—a-56150% —+-56350% o
——56550% 56 650%

GRAIN SIZE (VM)

Figure 8. Aggregate grading: Natural sand 0/4 (S), SG 1, SG 3, SG 5 and blended aggregate
mixture of S+SG (1, 3 or 5) (10%, 30% and 50%)

Mechanical performance

The physico-mechanical performances at early
ages (7 days), bending tensile strength (3PB)
and compressive strength, respectively, are
essential parameters in evaluating the primary
compatibility of the considered SG admixture
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with the cementitious matrix. Their evaluation,
highlighted in Table 2, confirms the previously
identified trends of overall improvement in
material performance by using SG inert mineral
aggregate as a partial aggregate substitute.
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Table 2. Mechanical performances of SG mortars and References at young age (7 days) and regular,
28 days: flexural strength and compressive strength

Mechanical strength 7-day 3PB Flexural resistance 7-day 3PB Flexural resistance
Age Early age (7-day strength) 28-day strength Early age (7-day strength) 28-day strength
(MPa) R2 (%) (MPa) R2 (%) (MPa) R2 (%) (MPa) R2 (%)

R1-1 59 -15.7 7.2 -143 22.0 -7.6 322 -11.3
R2-1 7.0 0.0 8.4 0.0 23.8 0.0 36.3 0.0
SG 1-1 10% 6.6 -5.7 8.0 -4.8 242 1.7 38.2 5.2
SG 1-1 30% 7.9 129 8.3 -1.2 29.5 239 40.6 11.8
SG 1-1 50% 7.6 8.6 8.5 1.2 33.0 38.7 39.5 8.8
R1 5.7 -5.0 6.6 -4.3 254 -8.6 33.0 -3.8

R2 6.0 0.0 6.9 0.0 27.8 0.0 34.3 0.0

SG 1 10% 6.3 5.0 6.6 -4.3 29.2 5.0 35.1 2.3
SG 130% 6.1 1.7 7.6 10.1 324 16.5 45.6 329
SG 150% 6.7 11.7 7.4 7.2 36.4 30.9 385 12.2
R1 5.7 -5.0 6.6 -4.3 25.4 -8.6 85 -3.8

R2 6.0 0.0 6.9 0.0 27.8 0.0 34.3 0.0

SG 3 10% 5.5 -8.3 72 43 28.7 32 372 8.5
SG 3 30% 6.4 6.7 6.8 -1.4 332 19.4 40.7 18.7
SG 3 50% 7.1 18.3 7.3 58 352 26.6 38.9 13.4
R1 57/ -5.0 6.6 -4.3 25.4 -8.6 33 -3.8

R2 6.0 0.0 6.9 0.0 27.8 0.0 34.3 0.0

SG 5 10% 5.6 -6.7 7.7 11.6 29 43 39.6 155
SG 5 30% 6.8 133 6.6 -4.3 36.3 30.6 31.5 -8.2
SG 5 50% 7.3 21.7 7.7 11.6 345 24.1 435 26.8

Legend:

- RI1-1 and R2-1: Reference mortars produced during the initial mechanical testing of SG 1 material (source 1, ISIM Timisoara, initial

sampling) - PRELIMINARY STAGE

- SG 1-1 10%, SG 1-1 30%, SG 1-1 30%: Substitution mortars produced during the initial mechanical testing of SG 1 material (source 1,

ISIM Timisoara, initial sampling) — PRELIMINARY STAGE

- Rl and R2: Reference mortars produced during the secondary mechanical testing of SG 1 material (source 1, ISIM Timisoara, initial
sampling), SG 3 (source 1, ISIM Timisoara, secondary sampling); SG 5 (source 2, Tim Cut SRL, Timisoara, initial sampling) —

VALIDATION STAGE

- SG1,8G2,SG 3 (10%, 30%, 50 %): Substitution mortars produced during secondary mechanical testing of SG 1 material (source 1, ISIM
Timisoara, initial sampling), SG 3 (source 1, ISIM Timisoara, secondary sampling); SG 5 (source 2, Tim Cut SRL, Timisoara, initial

sampling) - VALIDATION STAGE.

The validation phase of the research confirms
the initial results and implicitly the derived
conclusions regarding the viability of the
concept of partial substitution of fine aggregate
(sand) in usual cement-based mortars by SG
waste derived from AWIJ processes. The
credibility of the initial studies is confirmed in
the secondary stage by the comparative
analysis of the R1-1, R2-1 and SG1-1 samples,
with similar compositions, developed with the
same raw material, but more than 1 year later.
The variation of the R1-1 vs R1 and R2-1 vs.
R2, respectively, is sensitive for both 3PB
flexural strength and compressive strength, at 7

and 28 days, and is within the usual variational
limits, typical of cementitious composites,
characterized by heterogeneity (Table 2, Figure
9). Simultaneously, the performance of the
substitution mortars (SG1-1, SG 1 and SG 3),
developed considering the percentage variation
of the substitution of 0/4 natural sand 0/4 by
SG material, from 10%, to 30% and 50%,
confirms the trend traced by the R references,
through sensible variations in the comparative
analysis in Figure 8. At the same time, the
results confirm the similarity of the SG
material performance in cement-based material,
considering the two distinct sampling
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procedures (SG 1 and SG 3), sourced from the
same AWJ cutting operator. The variation of
the AWJ cutting operations (processed
material, equipment processing, conditioning,
etc.) seems to produce a negligible effect on the
SG waste performance when added to usual
mortars. The SG grading curve (SG1 vs SG3),
(Figure 6a and Figure 8) also confirms this
assumption, in terms of  physical

The wvalidation conclusions can be further
expanded by including the SG 5 material,
sourced from Tim Cut SRL Timisoara (Table 2,
Figure 10). A common behavior pattern of SG
waste in cement-based materials as partial sand
replacement can be sketched, due to small
variations recorded while comparative analyses
are extended by SG 5 mortar inclusions.
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Figure 10. Comparative analysis of mechanical strength evaluation for the SG material sourced 1 (SG 1 and SG 3),
sourced 2 (SG 5) and Reference: a), ¢) 7-day and 28-day flexural strength; b), d)7-day and 28-day compression strength

CONCLUSIONS

The experimental research program of
compositional development of SG partially
substituted preliminary mixtures, established in
line with previous studies, conducted
internationally (Muttashar et al., 2018a; 2018b)
as well as in the laboratory (Cornelia B. et al.,
2023; Vasile et al., 2024), generated 9 SG
compositions, considering the operation of a
specific screening in the area of substitution
percentages used in the initial studies. This
leads to the identification of the following as
relevant values for assessing the efficiency of
the substitution process:

a) 10% substitution;

b) 30% substitution;

¢) 50% substitution.

Hardened state determinations and comparative
performance  evaluation lead to  the
identification of SG 30% and SG 50%
compositions as prototype SG Mortar. The SG
10% compositions do not offer dramatic
changes, and the percentage of substitution,
10% substitution is reduced to generate
potential for technology transfer in the
compositional area of common mortars and
micro mortars. The SG 10% type compositions,
though, have the role of confirming the
identified trend and identifying possible
compositional anomalies that may occur in the
mix design.
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In addition, the initial SG waste source is
extended to a second one. (source 2). At the
same time, new samplings are made from the
original source 1 (ISIM Timisoara), thus
extending the investigation area towards the
validation of the initial conclusion and
insurance of the robustness of the proposed
concept. Ongoing research is offering valuable
data regarding the compositional drawbacks
and optimisation possibilities, related to the
considered direct field of applicability, namely
development of paving blocks for the
innovative integration of SG into concrete
mixes. Development of prefabricated paving
products is considered an initial, practical, and
more accessible use of SG substitution, with
lower health risks for the population due to the
outdoor placement of the products.

This field of application 1is particularly
promising given the growing demand for
paving products in the local Romanian market,
driven by current infrastructure needs in both
urban and rural areas. The approach also aligns
with  Circular Economy principles, by
preventing Garnet sand waste and reintegrating
it into new life cycles - specifically in building
materials and products - while also contributing
to the conservation of natural resources such as
natural aggregates.
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Abstract

The resurgence of earthen construction highlights the environmental, economic, and aesthetic benefits of natural
materials. Non-Destructive Testing (NDT) methods are important for assessing the integrity and performance of earthen
structures without physical damage. This article reviews key NDT techniques, including ultrasonic testing, electrical
resistivity tomography, nuclear magnetic resonance, time domain reflectometry, infrared thermography, and acoustic
emission testing, emphasizing their role in evaluating moisture content, mechanical properties, and thermal performance.
Despite their advantages, challenges such as material variability, lack of standardized protocols, and specialized training
persist. Future efforts must focus on standardization, advanced technologies, and improved data interpretation to
maximize NDT’s potential. By overcoming these obstacles, the construction industry can ensure the structural integrity
and sustainability of earthen materials, promote broader acceptance of earthen construction and foster resilient, eco-
friendly building solutions.

Key words: NDT, Earthen Constructions, Structural Integrity, Structural Health Monitoring.

INTRODUCTION structural stability of such buildings remains a
significant challenge due to their inherent
Earthen architecture, widely acknowledged as a ~ vulnerability to environmental degradation.
sustainable and ecologically responsible Exposure to climatic factors, including
construction practice, has played a pivotal role fluctuations in moisture levels, temperature
in human habitation for millennia, utilizing variations, and seismic activity, often
naturally available soil as a primary building accelerates material deterioration,
material (Mousourakis et al., 2020). This compromising the mechanical integrity and
architectural tradition encompasses a diverse durability of these structures over time
range of construction techniques, including (Campiani et al.,, 2019). As a result, the
adobe, rammed earth, and compressed stabilized development and implementation of effective
earth blocks (CSEBs), each of which is assessment  methodologies have become
distinguished by its unique material composition =~ imperative to ensure the preservation and
and  construction  methodology.  These continued use of earthen buildings.
techniques have been extensively lauded not =~ Among the various approaches employed to
only for their minimal environmental impact - evaluate the condition and mechanical
characterized by low embodied energy and  performance of earthen structures, non-
thermal efficiency - but also for their profound destructive testing (NDT) techniques have
cultural and historical significance in various gained considerable traction due to their ability
regions worldwide (Bui & Morel, 2014). to provide critical diagnostic insights without
Despite the numerous advantages associated inflicting damage on the material. In particular,
with earthen construction, the long-term Ultrasonic Pulse Velocity (UPV) testing has
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emerged as a highly effective method for
assessing key material properties such as
density, porosity, and compressive strength,
offering valuable data for both conservation
specialists and structural engineers engaged in
the maintenance and restoration of earthen
heritage and contemporary constructions. This
approach not only facilitates the preservation of
these culturally significant structures but also
enhances our understanding of their material
properties and performance over time (Charif et
al., 2024).

Ultrasonic Pulse Velocity testing involves
sending ultrasonic waves through a material and
measuring the time it takes for the waves to
travel through it. The velocity of these waves is
influenced by the material's density, elasticity,
and internal structure, making UPV a valuable
indicator of the material's quality and strength.
In the context of earthen architecture, the
relationship between UPV and compressive
strength is particularly significant. Numerous
studies have established a correlation between
the two, indicating that higher ultrasonic
velocities typically correspond to greater
compressive strength. For example, Kim et al.
(2022) demonstrated that ultrasonic pulse
velocity can effectively predict the compressive
strength of concrete across varying aggregate
types, reinforcing the applicability of UPV in
assessing earthen materials. Similarly, Hong et
al. (2020) provided empirical evidence of the
correlation between UPV and compressive
strength, proposing a predictive equation based
on their findings.

The compressive strength of earthen materials is
an important factor in determining their load-
bearing capacity and overall durability. Factors
such as the composition of the soil, moisture
content, and the presence of stabilizers can
significantly influence both the compressive
strength and the UPV measurements. For
instance, the addition of stabilizers like lime or
cement can enhance the mechanical properties
of earthen materials, leading to improved
performance underload (Mohammad, 2011). Ni
et al. (2024) highlighted that various factors,
including mix proportions and aggregate types,
affect both the strength development of concrete
and ultrasonic pulse velocity, emphasizing the
need for careful consideration of these variables
in earthen architecture.

74

Recent advancements in ultrasonic pulse
velocity (UPV) testing methodologies have
significantly expanded its applicability within
the domain of earthen architecture, offering
enhanced capabilities for the non-destructive
evaluation of material properties. In particular,
the integration of machine learning techniques
into UPV data analysis represents a
transformative ~ development, as  these
approaches facilitate more precise predictive
modelling of compressive strength by
incorporating a broader spectrum of input
variables (Boukhelkhal & Guermazi, 2018).
Such advancements not only improve the
reliability of UPV-based assessments but also
contribute to the refinement of diagnostic
frameworks for evaluating structural stability in
historical and contemporary earthen
constructions.

Moreover, the synergistic application of UPV
testing with complementary non-destructive
testing (NDT) techniques, such as rebound
hammer tests, has been increasingly recognized
as a robust strategy for achieving a more
comprehensive characterization of material
properties (Lee et al., 2014). By integrating
multiple diagnostic approaches, researchers can
mitigate the limitations inherent in individual
testing methods, thereby enhancing the accuracy
of assessments related to mechanical
performance and long-term durability. These
methodological innovations underscore the
growing potential of UPV testing as an
important tool in the preservation, maintenance,
and structural analysis of earthen architecture,
reinforcing its role in both academic research
and practical engineering applications (Lee et
al., 2014).

The use of Ultrasonic Pulse Velocity testing
represents an important advancement in the
assessment of structural integrity in earthen
architecture. By establishing a reliable
correlation between UPV and compressive
strength, this non-destructive method offers a
practical solution for monitoring the health of
earthen structures. As the demand for
sustainable building practices continues to grow,
the preservation of earthen architecture through
effective assessment techniques will play an
essential role in safeguarding this valuable
cultural heritage for future generations.

This research paper explores the potential of
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using Ultrasonic Pulse Velocity (UPV) as a
dependable method for evaluating the structural
integrity of earthen constructions.

MATERIALS AND METHODS

In this study, a series of experiments were
conducted to evaluate the mechanical properties
of various earthen mixtures, focusing on the
relationship between Ultrasonic Pulse Velocity
(UPV) measurements and compressive strength.
For this purpose, 44 mixtures were developed
(Table 1) with materials that included different
soil types, sand, water, and various additives
such as lignin, deflocculants, and lime. These
components were selected based on their
potential to influence the mechanical properties
of earthen materials, particularly in enhancing
compressive strength and durability. The mix-
tures were cast into 40 x 40 x 160 mm prisms.

The earthen mixtures were formulated using a
systematic approach, where different recipes

were created by varying the ratios of soil, sand,
and water, along with the incorporation of
specific additives. The soil used in the mixtures
was sourced from local deposits, ensuring that it
was representative of typical earthen materials
used in construction. The sand was selected for
its grain size distribution, which is known to
affect the overall strength of the mixture. The
water content was adjusted to achieve optimal
workability while maintaining the desired
consistency of the mixtures.

Additives were introduced to enhance the
properties of the mixtures. Lignin, a natural
polymer, was included to improve the binding
characteristics of the mixtures, while
deflocculants were used to reduce the viscosity
of the slurry, facilitating better mixing and
compaction. Lime was added as a stabilizer,
known for enhancing the compressive strength
of earthen materials through pozzolanic
reactions.

Table 1. Earth-based materials mix design

Clay Clay Sand Sand Sand

ClayCl | " c3 0-1 0-2 0-4

Clay

plaster Water

Lime Straws Deflocculant Lignin

Ml

M2

M3

M4

M5

M6

M7

N N N U
E T T I I i i
N i i

Mg

M9 X

M10 X

MIl X

MI12 X

Mi13 X

M14 X

MI5 X

Ml16 X

M17 X

MI8 X

MI19 X

M20 X

M21 X

M22 X

M23 X

M24 X

M25 X

M26 X

M27 X

M28 X

M29 X

EI T I R I Il Il I i i

M30 X

ET T I IR IR I I T BB I I BT I I I T I I I BB I Il I i I Bl i Il i

T T T I I O I R R P i I I L R R O I U

75



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064
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Deflocculant
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M3l X

X X
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Ultrasonic pulse velocity (UPV)

The initial phase of the experimental
investigation focused on the application of
Ultrasonic Pulse Velocity (UPV) testing as a
means of evaluating the quality, homogeneity,
and structural integrity of the prepared earthen
material mixtures. This non-destructive testing
procedure was conducted utilizing a portable
ultrasonic testing device, which was equipped
with transducers operating at a frequency of 150
kHz. These transducers were responsible for
generating and transmitting ultrasonic waves
through the test specimens, facilitating the
assessment of their internal consistency and
mechanical performance.

The selection of transducers with a 150 kHz
frequency was informed by established
technical guidelines, which recommend their
use for assessing relatively thin structural
elements - specifically those with dimensions of
less than 50 mm. This frequency range has been
demonstrated to provide an optimal balance
between wave penetration depth and resolution,
thereby enabling the precise detection of internal
inconsistencies, voids, or heterogeneities within
the tested materials. By employing UPV testing
in this manner, the study aimed to generate a
reliable dataset for characterizing the physical
and mechanical behaviour of the prepared
mixtures, ultimately contributing to a more
comprehensive understanding of their suitability
for use in earthen construction applications
(NP137-2014). The time taken for the waves to
traverse the material was recorded, and the
velocity was calculated. This measurement
provided insights into the density and elastic
properties of the mixtures, which are closely

related to their compressive strength. For these
types of specimens with dimensions of
40x40x160 mm, the UPV testing was conducted
at two points on each sample, as shown in Figure
1. In Figure 2 a cross section with the
positioning of the transducers can be observed.
This positioning of the transducers was chosen
due to the fact that the specimens were tested
destructively to determine the flexural strength,
thus each specimen resulting in 2 samples to be
tested for compressive strength. Prior to the
destructive testing, each specimen was weighed
to determine an air-dry density.

40

Figure 1. Transducers positioning on the prismatic
specimens

Destructive testing for compressive strength
Following the UPV assessments, the same
samples were subjected to compressive strength
testing to obtain definitive mechanical property
data.

The compressive strength tests were performed
following standard testing procedures, using a
hydraulic press to apply axial loads until failure
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occurred. The maximum load recorded during
the test was used to calculate the compressive
strength of each mixture, allowing for a direct
comparison with the UPV results.

Lo =

}Ly

=

Figure 2. Cross section of the specimens with the
positioning of the transducers

RESULTS AND DISCUSSIONS

Correlation between UPV and density
The mean values of the UPV were correlated
with the mean values of the air-dry density
determined by measuring and weighing each
specimen to determine a correlation between
them. The UPV values ranged from 0.645 km/s
to 1.435 km/s, while density values varied
between 1409 kg/m* and 1782 kg/m*. These
measurements indicate a diverse set of
materials, with varying degrees of compactness
and internal structure. The ultrasonic velocity
(UPV) is generally influenced by factors such as
elasticity, stiffness, and porosity of the material,
while density is determined by the mass per unit
volume.
A preliminary dataset analysis suggests a weak
correlation between UPV and density, indicating
that materials with higher densities tend to
exhibit higher ultrasonic velocities. This
relationship could be explained by the fact that
denser, more compact and cohesive materials
offer greater resistance to the propagation of
ultrasonic waves. In contrast, lower-density
materials, which may contain more voids and
less internal cohesion, could allow ultrasonic
waves to propagate more easily, resulting in
lower UPV values. Figure 3 presents a graphical
representation of the correlation between UPV
and density. From these values, some trends can
be identified:

- Higher UPV values (e.g. 1.252 km/s,

1.383 km/s, 1.435 km/s) are often
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associated with higher densities (e.g.,
1622 kg/m?, 1619 kg/m?, 1603 kg/m?);

- Lower UPV values (e.g., 0.626 km/s,
0.645 km/s, 0.649 km/s) tend to
correspond to lower or moderate densities
(e.g., 1516 kg/m*, 1591 kg/m3, 1473
kg/m?).

The observed correlation between UPV and
density, however, is not linear, as there is some
variation in the data. For instance, some samples
with relatively high UPV values (e.g., 1.186
km/s) have lower densities (e.g., 1502 kg/m?),
which could indicate the presence of other
factors influencing the UPV, such as differences
in soil composition or structure. Further
statistical analysis and experimental studies
would be necessary to fully quantify this
relationship and account for additional
variables.

Correlation between UPV and compressive
strength

The ultrasonic velocity values obtained through
non-destructive  testing (NDT) and the
corresponding compressive strength values
obtained through destructive testing (DT) were
analyzed to identify a correlation between the
two (Figure 4). The relationship between
ultrasonic  pulse  velocity (UPV) and
compressive strength in the studied soil mixtures
reveals significant variations, indicating the
influence of material composition and structural
characteristics on mechanical performance. The
recorded UPV values range from approximately
0.472 km/s to 1.626 km/s, while the compressive
strength values exhibit a broader spectrum, from
0.419 MPa to 7.421 MPa.

An initial observation highlights that higher
UPV values tend to correspond to increased
compressive strength, which aligns with the
general principle that denser and more compact
materials facilitate faster ultrasonic wave
propagation and exhibit greater strength.
However, exceptions exist, particularly in cases
where relatively low UPV values are associated
with remarkably high compressive strengths.
For instance, a UPV of 0.759 km/s is linked to a
compressive strength of 2.837 MPa, while
another instance with a similar UPV of
0.731 km/s reaches 3.970 MPa.
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Figure 4. Correlation between UPV and compressive strength
This suggests that factors beyond wave velocity, compositions enable substantial  strength

such as bonding properties and granular
arrangement, play an important role in
determining compressive strength.

In the lower UPV range (below 0.8 km/s), the
compressive strength fluctuates significantly.
Some samples exhibit moderate values (e.g.,
0.744 km/s corresponding to 0.419 MPa),
whereas others demonstrate much higher
strengths (e.g., 0.629 km/s associated with 4.513
MPa). These variations imply that certain
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development even at relatively low wave
velocities, possibly due to optimized particle
packing and binder interactions.

Conversely, in the upper UPV range (above 1.2
km/s), compressive strength values remain
predominantly higher. For example, a UPV of
1.498 km/s corresponds to a compressive
strength of 3.108 MPa, while another instance
with 1.303 km/s reaches 2.109 MPa. The
consistency in this range suggests that well-
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compacted and structurally sound mixtures
promote both enhanced wave transmission and
mechanical resistance.

Notably, some outliers indicate a deviation from
the expected trend. For instance, a UPV of 0.670
km/s corresponds to a remarkably high
compressive  strength of 6.613 MPa,
demonstrating that under specific conditions,
even materials with relatively low ultrasonic
velocities can exhibit superior values of
compressive strength. These anomalies may
arise from unique microstructural formations or
particular curing processes that enhance
cohesion and load-bearing capacity.

Overall, the data suggest a general positive
correlation between UPV and compressive
strength, albeit with notable exceptions
influenced by material-specific properties. The
findings highlight the complexity of soil-based
materials and underscore the necessity for a
comprehensive understanding of both physical
and chemical factors when evaluating their
mechanical performance.

CONCLUSIONS

The first part of the analysis focused on the
relationship between UPV and density. A
general trend was observed, where higher UPV
values tended to correspond to higher densities.
This is consistent with the fundamental
principles of material science, as denser
materials typically allow sound waves to
propagate more quickly due to their compact
and homogeneous structure. For example,
samples with UPV values above 1.0 km/s often
exhibited densities exceeding 1600 kg/m?, while
lower UPV values (e.g., 0.626 km/s) were
associated with lower densities (e.g., 1409
kg/m?®). However, exceptions to this trend were
noted, indicating that factors such as soil
composition, porosity, and moisture content also
play a significant role in influencing UPV
independently of density.

The second part of the analysis examined the
relationship between UPV and compressive
strength. The data revealed a general trend
where higher UPV values tend to correspond to
higher compressive strengths. This aligns with
the fundamental principles of material science,
as materials with greater density and
compactness typically exhibit faster ultrasonic
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wave propagation and higher resistance to
compressive forces. For instance, samples with
UPV  values exceeding 1.0 km/s often
demonstrated compressive strengths above 1.0
MPa, with some reaching up to 4.136 MPa. This
trend supports the hypothesis that UPV can
serve as an indirect indicator of compressive
strength in soil and similar materials.

Despite the general trend, the dataset exhibited
significant variability and several outliers. Some
samples with relatively low UPV values (e.g.,
0.629 km/s) displayed unexpectedly high
compressive strengths (e.g., 4.513 MPa), while
others with moderate UPV values (e.g., 0.930
km/s) showed low compressive strengths (e.g.,
0.491 MPa). These anomalies highlight the
influence of additional factors, such as soil
composition,  moisture  content,  curing
conditions, and the presence of binding agents,
which can significantly alter the mechanical
properties of the material independently of
UPV.

Combining the insights from both analyses, it is
evident that density, UPV, and compressive
strength are interrelated but not solely dependent
on one another. Higher density generally
contributes to both higher UPV and higher
compressive strength, but the relationships are
not strictly linear or deterministic. For example,
some samples with moderate densities exhibited
high UPV but low compressive strength, while
others with lower densities showed high
compressive strength due to factors such as
strong internal bonding or optimal moisture
content. This highlights the complexity of the
interactions between these variables.

ACKNOWLEDGEMENTS

This work was carried out within the Nucleus
Programme of the National Research
Development and Innovation Plan 2022-2027,
supported by MCID, "ECODIGICONS" project
no. PN 23 35 04 01: “Fundamental-applied
research into the sustainable development of
construction products (materials, elements, and
structures, as well as methods and technologies)
that utilizes current national resources to
enhance the eco-innovative and durable aspects
of Romania's civil and transport infrastructure”,
financed by the Romanian Government.



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

REFERENCES

Bui, Q., & Morel, J. (2014). First exploratory study on the
ageing of rammed earth material. Materials, 8(1), 1-
15.

Boukhelkhal, D. and Guermazi, M. (2018). The use of
non-destructive tests to estimate self-compacting
concrete compressive strength. Matec Web of
Conferences, 149, 01036.

Campiani, A., Lingle, A., & Lercari, N. (2019). Spatial
analysis and heritage conservation: leveraging 3-D
data and GIS for monitoring earthen architecture.
Journal of Cultural Heritage, 39, 166-176.

Charif, H. B., Zerlenga, O., & Iaderosa, R. (2024). Low-
cost photogrammetry for detailed documentation and
condition assessment of earthen architectural heritage:
the ex-hotel oasis rouge in Timimoun as a case study.
Buildings, 14(10), 3292.

Hong, S., Yoon, S., Kim, J., Lee, C., Kim, S., & Lee, Y.
(2020). Evaluation of condition of concrete structures
using ultrasonic pulse velocity method. Applied
Sciences, 10(2), 706.

Kim, W., Jeong, K., Choi, H.,, & Lee, T. (2022).

80

Correlation analysis of ultrasonic pulse velocity and
mechanical properties of normal aggregate and
lightweight aggregate concretes in 30-60 MPa range.
Materials, 15(8), 2952.

Lee, Y., Hong, S., Kim, S., & Park, J. (2014). Estimation
of compressive strength of concrete member using
ultrasonic pulse velocity method. Key Engineering
Materials, 605, 143-146.

Mohammad, I. (2011). Non-destructive testing for
concrete: dynamic modulus and ultrasonic velocity
measurements. Advanced Materials Research, 243-
249, 165-169.

Mousourakis, A., Arakadaki, M., Kotsopoulos, S.,
Sinamidis, 1., Mikrou, T., Frangedaki, E., & Lagaros,
N. D. (2020). Earthen architecture in Greece:
traditional techniques and revaluation. Heritage, 3(4),
1237-1268.

Ni, L., Zheng, D., Yang, H., Ding, X. (2024). Effect of
pouring time on the integrity of pulverized fuel ash
concrete. Applied Sciences, 14(4), 1332.

NP137. Normative for in situ evaluation of the concrete
compressive strength of the existing constructions.
2014.



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

EVALUATING AGGREGATE CONTENT AND ITS EFFECT
ON CLAY MORTAR PERFORMANCE

Aurelia BRADU!, Alexandrina-Elena ANDON!,
Alexandra-Marina BARBU!, Claudiu-Sorin DRAGOMIR?

"National Institute for Research and Development in Construction,
Urban Planning and Sustainable Spatial Development - URBAN-INCERC,
266 Pantelimon Road, 021652, District 2, Bucharest, Romania
2University of Agronomic Sciences and Veterinary Medicine of Bucharest,
59 Marasti Blvd, 011464, District 1, Bucharest, Romania

Corresponding author email: aurelia.bradu@jincd.ro

Abstract

The most commonly used material in the construction sector is arguably cement, the production of which generates
massive amounts of greenhouse gases, contributing approximately 5-8% of global CO; emissions. A potential solution in
this context is the use of inorganic binders from local sources, a trend that is gaining momentum in research studies
within the construction materials industry. Clay-based masonry mortar represents a viable, eco-friendly, and cost-
effective solution, with its components being abundantly available worldwide. Clay has demonstrated its effectiveness as
a binder over centuries. In its natural, calcined, or modified forms, clay serves as an important alternative to cement,
offering sustainable material development at lower costs and with reduced environmental impact. Clay is a sedimentary
rock, whose main ingredient is aluminium silicate, characterized by its colloidal appearance and binding properties. The
primary feature of clay is its ability to absorb large amounts of water, transforming into a pasty, ductile mass that can be
easily shaped into any form.

Key words: clay composite, local materials, mortar.

INTRODUCTION should be noted that the impact of increased
demand is reflected in the increase in cement
Global demand for cement and concrete prices by over 150% in the last decade and
products has increased significantly in recent threatens significant environmental impacts,
years, due to the development of economies and ~ phenomena that need to be mitigated (Ahmad et
the continuous growth of the world population al., 2011). Thus, improving the sustainability of
(Kouakou et al., 2009; Berriel et al., 2016). the construction sector has become a major
According to the report published by concern for researchers in this field.
CEMBUREAU (2023), in 2022 about 4.1 A significant percentage of construction
billion tons of cement were produced, the largest ~ materials contain cement, which represents a
share being attributed to China - 51.1%. hydraulic binder developed through an energy-
The total quantity of cement that was imported intensive process. Cement production process
in 2022 to Europe increased almost fourfold emits large amounts of greenhouse gases and
compared to 2016, the values of the quantities of ~ contributes approximately 5-8% to global CO2
imported tons are illustrated in Figure 1 emissions.
(Andrew, 2018). Romania has witnessed a 459% According to estimates, this share could reach
increase in cement imports during this period, 10-15% if stringent measures are not taken to
from 204,264 t in 2016 to 1,142,932 t in 2022 decarbonize  the  construction  industry
(CEMBUREAU, 2023). This has contributed to (Schneider et al., 2011). In this regard,
the expansion of various concrete-related significant progress has been made in the field
industries, from the extraction of raw materials of making construction products more efficient
to the increased consumption of fossil fuels for and there is a considerable increase in the level
material processing and cement production of involvement, awareness and engagement in
(Memon et al., 2012). At the same time, it projects to reduce environmental impact
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(Kajaste et al., 2016). The automation of lime
production in modern kilns and the use of
alternative fuel resources represent an important
step towards reducing energy consumption and
CO> emissions (Deja et al., 2010), but these
solutions are being outpaced by the exponential
growth of demand, which is driving the

development of new ways to reduce
environmental impact and costs.
Date in tonnes
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Figure 1. Quantity of tons of cement imported into
Europe (CEMBUREAU, 2023)

Among the classic solutions to reduce the need
for cement in the shrinkage materials industry,
one can mention the partial substitution of
cement by using industrial by-products such as
fly ash and blast furnace slag, but its
applicability is limited by the generation
capacity of power plants or blast furnace
industries (Alujas et al., 2015; Teklay et al.,
2016).

Currently, in the construction sector, there is a
growing demand for sustainable materials and
products, with ecological characteristics,
obtained through non-polluting processes and
with increasingly lower energy consumption
(Mircea et al., 2021). In order to gain a secure
market, being in competition with traditional
construction materials/products, made through
energy-consuming and polluting processes,
materials with ecological properties must have
comparable or superior characteristics and
durability (Calatan et al., 2020).

The use of natural materials in the production of
various construction products is one of the
solutions with high potential to achieve the
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aforementioned goals, and clay is one of these
materials (Hegyi et al., 2023).

Clay represents a natural, sustainable, cheap and
widely available material worldwide. Since the
earliest times of the development of human
civilization, clay has been used to obtain various
materials and products for construction, either
with a non-structural role, such as clay walls and
floors, or even with a structural role, namely
tiles for making roofs, bricks or clay blocks
(Hegyi et al., 2016).

Clay is a sedimentary rock, whose main
ingredient is aluminium silicate, characterized
by its colloidal appearance and binding
properties. The primary feature of clay is its
ability to absorb large amounts of water,
transforming into a pasty, ductile mass that can
be easily shaped into any form (Petcu et al.,
2023).

Clay-based construction materials and products
are increasingly used at the national level, with
the benefits of clay recognized not only for the
technical  characteristics it imparts to
construction materials and products but also for
its contribution to enhancing the durability of
construction elements over time. The growing
adoption of clay in Romanian construction,
alongside other traditional natural materials,
reflects the industry's alignment with sustainable
development principles through the application
of environmentally friendly technologies.
Additionally, it supports the creation of a
healthier environment and contributes to
reducing climate change caused directly by
human activities.

This study evaluates the influence of aggregate
content on the performance of clay-based mortar
which can be used to create eco masonry for
sustainable buildings.

MATERIALS AND METHODS

The clay composite utilized in this study was
prepared using locally sourced materials,
including sand fractions of 0-1 mm and O0-
4 mm, coarse aggregates of 4-8 mm, and clayey
soil characterized by a composition of 53% clay,
44% silt, and 3% sand. The water content
required for each formulation was determined
experimentally to achieve optimal workability.
The compositions analysed in the study are
detailed in Table 1.
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Table 1. Tested clay compositions

"Constituents Units R1 R2 R3
Sand 0-1 g 439 366 293
Sand 0-4 g 4578 | 3851 | 3052
Aggregates 4-8 mm g 4204 | 3503 | 2803
Clay soil g 6148 | 7684 | 9221
Water/clay soil ratio 0.52 0.48 0.52
Clay soil/aggregates ratio 0.40 0.50 0.60

The consistency of the fresh mixture was
evaluated in accordance with the standard SR
EN 1015-3:2001/A2:2007, which specifies the
procedure for determining the consistency of
masonry mortars using the flow table method.
As illustrated in Figure 2, the test involved
placing a conical mould on a circular table and
filling it with the fresh clay-based mortar in two
layers. Each layer was compacted using a
standardized metal tamper. Following the
removal of the mould, 15 consecutive drops of
the table were performed within 15 seconds,
after which the average spread diameter of the
sample was measured.

Figure 2. Determination of the consistency of the fresh
clay mixture

The fresh clay mortar was then cast into
standardized metallic moulds with dimensions
of 160 x 40 x 40 mm (Figure 3). After a curing
period of three days, the specimens were
demoulded and stored under controlled
laboratory conditions at a temperature of 20 +
2°C and relative humidity of 65 + 5% until
testing at 28 days.

The performance of the hardened clay mortar
was assessed based on density, flexural strength,
and compressive strength. The density of the
material was influenced by the granulometric
distribution, which governed the packing
efficiency of the particles and the proportion of
voids within the composite.

&3

Figure 3. Casting fresh clay mixture in metal moulds

The internal structure of the clay-based material
played a significant role in determining its
mechanical performance and durability, as
extensively examined in previous studies under
various operational conditions.

The density of the hardened mixture was
determined with the relationship:

m

D=—
4

€Y
where:

D - density of hardened mixture, kg/m?;

m - mass of the specimen, kg;

V - volume determined by measurement, m?>.
Flexural strength testing was conducted
according to the SR EN 1015-11:2020 standard,
which outlines the procedures for evaluating the
mechanical performance of hardened masonry
mortars. The specimens were positioned on
support rollers, and a controlled load was
applied at a rate of 10-50 N/s until failure
occurred within a time frame of 30 to 90
seconds. The flexural strength was determined
using the following equation:

15-F-1

Ry = ¥E (2)

where:

Ry - bending strength, MPa;

b - prism width, mm;

d - prism height, mm;

Fr-load applied in the middle of the prism at

rupture, N;

[ - distance between the support rollers, mm.
Compressive strength, a fundamental parameter
in the assessment of mortars, was also
determined in accordance with SR EN 1015-
11:2020. The test was conducted on the halves
of the specimens obtained from the flexural
strength test. Prior to testing, the specimens
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were measured to ensure dimensional accuracy,
and their surfaces were verified for parallelism
to minimize experimental errors. The load-
bearing surfaces of the testing apparatus were
cleaned using a dry textile before securing the
samples. The specimens were positioned to
ensure uniform load distribution, with a
clearance of 16 + 1 mm from the nearest support
edge. The compressive load was applied
gradually, within a controlled range of 50 N/s to
500 kN/s, ensuring failure occurred within 30 to
90 seconds.
Compressive strength was determined with the
formula:
R, = —¢
1600

3
where:
R - compressive strength, MPa;
F¢ - maximum load at the moment of rupture,
N;
1600 - area of the plates (40 x 40 mm), mm?>.

RESULTS AND DISCUSSIONS

The clay-based mortar formulations achieved
optimal workability at a spread diameter of 105
+ 1 mm. As illustrated in Figure 4, mixtures with
a lower spread exhibited reduced cohesion and
workability, forming a stiff, low-fluidity mass.
In contrast, mixtures with excessive spread
consistency  with

exhibited a paste-like
excessive stickiness.

Figure 4. Different consistency of the fresh clay
mixture

Density of clay mortar

Higher-density clay mixtures displayed a more
compact internal structure, with enhanced
particle bonding and lower porosity, whereas
lower-density mixtures exhibited improved
thermal properties. The uniformity of the clay
mortar mixtures was confirmed by the low
coefficient of variation (COV), which remained
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below 1%, indicating a consistent internal
structure. The mean density values at 28 days
were 1914 kg/m?® for recipe R1 (COV = 0.24),
1939 kg/m? for R2 (COV = 0.08), and 1961
kg/m?* for R3 (COV = 0.24). The increase in
aggregate content led to higher densities due to
the greater specific weight of the aggregates
compared to the clay matrix, promoting a denser
packing arrangement where fine clay particles
occupied the voids between aggregates. The
aggregate distribution for recipe R2 is depicted
in Figure 5.

Figure 5. Aggregate distribution for R2

Flexural Strength

The flexural strength results, determined in
accordance with SR EN 1015-11:2020, ranged
from 1.06 MPa for recipe R1 (50% clay) to 1.17
MPa for recipe R3 (60% clay). The correlation
between density and flexural strength at 28 days
is presented in Figure 6. The binding role of clay
was evident, as its proportion directly influenced
the mechanical performance.

Flexural strength at 28 days [MPa]
1.50
L] [ ] 3
1.00 °s
g
0.50
0.00
1850 1900 1950 2000
kg/m3

®R1 ®R2 ®R3

Figure 6. Correlation between density and flexural
strength at 28 days

To achieve optimal strength, the clay content
must be sufficient to completely coat the
aggregate surfaces, facilitating the development
of a cohesive and structurally stable matrix. The
increased flexural strength observed in mixtures
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with higher clay content can be attributed to the
formation of silico-aluminate bonds, which
enhance the mechanical integrity of the
composite. The failure mode of the specimens
under flexural testing is shown in Figure 7. The
coefficient of variation for flexural strength
ranged from 2.19% to 6.53%, further confirming
the homogeneity of the material.

Figure 7. The mode of failure of the sample
subjected to bending

Compressive Strength

Compressive strength was evaluated using the
prism halves obtained from the flexural strength
test (Figure 8). The failure mechanism of the
material under uniaxial compression was
associated with the transverse tensile stresses
generated at the aggregate-matrix interface. The
primary  factors influencing compressive
strength included the quality and proportion of
the constituent materials, adhesion between the
clay matrix and aggregates, compaction state,
curing conditions, and specimen age.

E
Figure 8. Compressive strength of the prism halves
The average compressive strengths recorded at

28 days were 2.98 MPa for R1 (40% clay), 3.72
MPa for R2 (50% clay), and 3.79 MPa for R3
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(60% clay), with coefficients of variation
ranging from 4.22% to 5.77%. The distribution
of compressive strength results is shown in
Figure 9. The results indicated that the recipe
R3, containing 60% clay marked highest
compressive strength, representing a 27%
increase compared to the Recipe R1 with 40%
clay content. The higher clay content
contributed to improved compressive strength
due to enhanced bonding between the matrix
and aggregates. However, excessive clay
content may lead to reduced permeability, which
could affect the long-term durability of the
material.
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Figure 9. Distribution of 28-day compressive
strength results

CONCLUSIONS

The increasing demand for sustainable materials

and products in the construction sector
contributes  to  the  development  of
environmentally friendly materials, which

contribute to reducing the consumption of
natural resources, increasing the energy
efficiency of buildings and protecting the
environment.

Preliminary results have marked a promising
performance of the prototypes, confirming their
potential to replace traditional masonry mortar
with a high ecological footprint. In addition, the
use of local and economically accessible
materials supports the development of a circular
economy, while contributing to  the
sustainability of rural communities and reducing
production costs

Thus, following the analysis of the results
obtained, the R3 recipe containing 60% of the
total amount of aggregates showed superior
results, both in the case of flexural strength -
1.17 MPa, with a coefficient of variation of
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5.19%, and in the case of compressive strength -
379 MPa, and a coefficient of variation of
5.77%.
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Abstract

The comprehensive mapping and inspection of both underground and above-ground terrain in mountainous
environments pose significant challenges for engineering projects, particularly those involving legacy infrastructure.
This study presents an integrated geospatial methodology for the rehabilitation and modernization of the Tomesti
micro-hydropower station in Timis County, Romania. By combining GNSS-based control networks, UAV
photogrammetry, airborne LiDAR, and handheld SLAM scanning, the project achieved high-resolution data acquisition
across complex topographies and inaccessible subsurface structures. Ground control points were established using
total stations to ensure millimetric precision and consistent georeferencing of all datasets. The workflow delivered
orthophotos, digital surface and terrain models, detailed topographic plans, and 3D reconstructions of the interior
hydro-technical gallery. These outputs formed the foundation for updated technical documentation and supported
engineering analyses for structural rehabilitation and eco-friendly water intake systems. The results confirm that
modern geomatics, when anchored in classical surveying practices, provides a robust framework for accurate
assessment, design, and environmental integration. This case study underscores the value of multi-sensor approaches in
repurposing abandoned infrastructure for sustainable energy production and demonstrates their practical relevance in
mountainous terrain.

Key words: 3D, LiDAR, SLAM, topographic mapping, UAV.

INTRODUCTION reshaped  terrain  analysis, rehabilitation
strategies, and design processes (Nap et al.,
Accurate land surveying is a cornerstone of  2023). These tools not only support but
complex engineering projects, especially in significantly enhance the resolution, speed, and
rugged or inaccessible terrain (Sestras et al.,  precision of early-stage decision-making.
2025). Infrastructure and energy development This study centers on the revival of the Tomesti
rely on precise topographic data, spatial micro-hydropower station in Timis County,
modelling, and georeferenced planning to Romania, combining geospatial innovation
minimize risk, control costs, and ensure with  sustainable energy goals. Initially
environmental sustainability. This becomes launched before 1989, the site includes
even more critical in projects involving legacy upstream intakes, an underground gallery, and
infrastructure or underground features, where a partially built hydroelectric cavern. Work was
outdated or missing data can cause technical  halted, leaving behind incomplete and poorly
and environmental issues (Langhammer et al., documented infrastructure. With renewed
2018). In response, modern surveying  emphasis on renewable energy and national
integrates advanced technologies, GNSS, UAV energy security, reassessing and completing
LiDAR, photogrammetry and SLAM, that have this project using modern technical and
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environmental standards has become a strategic
priority.

To guide the design, rehabilitation, and
environmental compliance of this complex
project, a comprehensive geospatial survey was
carried out. The methodology integrated total
stations and GNSS-based control networks for
spatial accuracy, UAV-based LiDAR for
detailed surface modelling, and SLAM
technology for high-precision scanning of
underground tunnels (Liu et al., 2024). These
combined approaches produced orthophotos,
DSM/DTM models, topographic plans, and 3D
reconstructions of the subterranean system,
forming the technical foundation for feasibility
assessments and future planning.

While geospatial technologies like UAV
photogrammetry, LiDAR, and SLAM have
advanced rapidly, classical instruments such as
GNSS receivers and total stations remain
essential in complex terrain (Saldgean et al.,
2019; Sestras, 2021). Their precision is
unmatched when defining geodetic control
networks - critical for survey accuracy. GNSS,
particularly in RTK or PPK mode, enables fast,
accurate 3D positioning across large areas,
while total stations offer high angular accuracy
in areas with limited satellite visibility, such as
valleys or forested regions.

Classical surveying instruments are essential in
establishing Ground Control Points (GCPs) and
Independent Check Points (ICPs), which are
critical for georeferencing UAV imagery and
validating products like orthophotos, DSMs,
and DTMs (Stocker et al., 2020). Regardless of
technological advancements, airborne systems
depend on precise ground data for calibration
and accuracy. UAV and SLAM outputs achieve
their full potential only when tied to a solid
geodetic network established via GNSS and
total stations.

As highlighted in both the literature and the
present methodology, relying solely on aerial
or mobile sensors can lead to positional drift,
systematic errors, or reduced accuracy in dense
vegetation or occluded zones. Total stations
and GNSS provide consistent benchmarks and
validation points across the survey area,
mitigating these limitations.

Given the complexity of terrain in engineering
surveys, no single method suffices in isolation
(Bilasco et al., 2021). A multi-sensor approach,
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especially combining UAV-based LiDAR and
photogrammetry, proves far more effective in
achieving full spatial coverage and accuracy.
Structure-from-Motion (SfM) photogrammetry
reconstructs 3D surfaces from drone-captured
images (Khanal et al., 2020), excelling in open
areas with visible features like buildings or
roads. It offers affordability, high visual detail,
and easy interpretation. However, in vegetated
areas, it struggles to capture ground surfaces
(Popescu et al., 2024). LiDAR, by contrast,
penetrates vegetation to provide accurate
terrain data, even in low-light conditions
(Oniga et al., 2023). Still, it may miss finer
architectural elements and demands more
advanced equipment and processing (You &
Lee, 2020).

By integrating LiDAR and photogrammetry,
surveyors harness the strengths of both systems
while mitigating their individual limitations.
LiDAR accurately captures terrain beneath
vegetation, whereas photogrammetry excels at
rendering visible structures. Combined, they
offer a more complete and balanced view of the
landscape (Sestras et al., 2025a).

This integrated approach is especially valuable
for infrastructure projects like hydropower
development, where natural topography and
built features must be mapped with precision.
Generating detailed topographic outputs, 3D
models, and full site documentation facilitates
improved decision-making, risk evaluation, and
design planning (Coroian et al., 2024).
Simultaneous Localization and Mapping
(SLAM) has become a crucial technology in
areas where GNSS or total stations are less
effective (Chio & Hou, 2021). Using LiDAR
sensors and inertial units (IMUs), SLAM
continuously tracks scanner movement while
generating accurate 3D point clouds. Its
portability allows surveyors to collect data in
confined, GPS-denied spaces like underground
infrastructure, interiors, or dense forests
(Keitaanniemi et al., 2021).

In our case study, SLAM was essential for
mapping the abandoned hydro-technical gallery
in Tomesti. The underground sewer system,
unreachable by GNSS and unsuited for static
scanning, was navigated on foot with a
handheld SLAM unit. This enabled both 3D
data collection and real-time video inspection,
producing a reliable model of the tunnel’s
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condition and revealing critical information for
structural evaluation.

The application of SLAM
environments  highlights its
engineering  projects where complex
geometries, poor visibility, and restricted
access make traditional surveying difficult
(Urban et al., 2024). In this project, integrating
SLAM data with UAV-derived surface models
and geodetic networks created a seamless
spatial database, essential for feasibility studies
and rehabilitation planning. SLAM emerges not
merely as a complementary tool, but as a key
technology in multi-sensor surveying, enabling
accurate and efficient mapping in the most
challenging conditions.

The combined use of photogrammetry and
LiDAR greatly improves the quality and
flexibility of modern surveys, especially in
difficult terrain (Rogers et al., 2020). While
these technologies increase coverage and
speed, classical instruments like GNSS and
total stations remain vital for providing the
precision needed for georeferencing and
validation. This hybrid approach ensures high-
resolution, standards-compliant data that
supports reliable infrastructure planning and
environmental assessment.

The Tomesti project exemplifies how outdated
hydro-infrastructure can be revitalized through
a balanced mix of advanced geomatics and
traditional methods. It addresses both technical
demands and broader goals like sustainable
energy and responsible land use in
mountainous regions. This case stands out for
its interdisciplinary methodology, reliance on
accurate data, and strong potential for
replication. The following sections outline the
geospatial workflow, equipment used, survey
results, and how this integrated strategy
informs rehabilitation and energy planning.

in rugged
value in

MATERIALS AND METHODS

Study area and desideratum

The study focuses on a hydro-technical site in
eastern Timis County, within the administrative
boundaries of Tomesti commune, Romania
(Figure 1). Timis is Romania’s largest county,
covering about 8,696.7 km? or 3.65% of the
national territory. Located in the historical
Banat region, it borders Hungary to the west
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and Serbia to the southwest. The county’s
capital, Timisoara, situated on the Bega River,
is the main urban and administrative centre.

200000
1

50000I0 80000|0

600000

400000

500000
500000

460000
460000

ﬂ Timis County

I:l Tomesti

T Taus

420000

T
300000
310000

T T
120000 180000

300000
291 SDID

310000
29180?

477400
iz
477400

477200

477200

477000
477000

T T T
291400 291600 291800

Figure 1. Location of the study area in Timis County,
Romania, showing elevation context, satellite view, and
orthophoto of the Tomesti micro-hydropower site
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Tomesti commune lies on the northern slopes
of the Poiana Rusca Mountains, covering
140.94 km? and comprising six villages,
including its namesake seat. As of the 2021
census, the population totals 1,879, continuing
a declining trend. The area features steep,
forested terrain shaped by the upper Bega River
and its tributaries, which provide favourable
conditions for hydro-technical development
due to the region’s geomorphological and
hydrological profile.

This site was part of a larger hydropower
initiative begun during the communist era,
which included partial construction of a 9.4 km
underground tunnel, two water intakes, and a
cavern for a micro-hydropower station. Aban-
doned before completion, the infrastructure has
since deteriorated without maintenance.

The current investment project aims to
modernize  and  finalize the  original
development using advanced surveying and
design tools. Given the complex terrain,
outdated documentation, and limited access,
technologies such as GNSS, UAV-based
LiDAR, and SLAM scanning are essential for
georeferencing, surface modelling, and
underground inspection.

Aligned with Romania’s renewable energy
strategy, the project seeks to sustainably
harness the site’s hydropower potential while
ensuring all planning and design stages are
based on precise geospatial data. This initiative
not only supports technical feasibility and
environmental evaluation but also demonstrates
how modern methods can breathe new life into
legacy infrastructure.

Methodological framework

This study  presents an  integrated
methodological framework for the accurate
mapping and inspection of both surface and
subsurface components of a previously
abandoned micro-hydropower project in
Tomesti commune, Timis County. Due to the
site's challenging terrain, partial hydro-
technical infrastructure, and renewed national
focus on renewable energy, the campaign
aimed to develop a high-resolution spatial and
technical database to support the project’s
redesign and revitalization.

The need for intervention stems from the
deteriorated and outdated state of the original
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infrastructure. Initially planned before 1989,
the project includes two upstream concrete
intakes on Bega River tributaries, an
underground gallery, and a partially excavated
hydroelectric cavern. With no recent surveys or
technical evaluations, these structures have
experienced extensive environmental and
structural degradation. The adopted workflow
is outlined in Figure 2.

Establishing Ground Control Network
(GNSS and Total Station)

]
Flight Planning and UAV Survey
(RGB Photogrammetry + LiDAR)

L]

Underground Data Acquisition
(SLAM Scanning + Video Inspection)

L]

GNSS Post-processing and
Image Geotagging (PPK)

¥

Photogrammetric Processing
(Orthophoto, DSM wvia Pix4D)

]

T1iDAR Trajectory & Point Cloud
Processing (LiDAR360)

v
SLAM Trajectory & Point Cloud
Processing (SLAM GO)

]

Point Cloud Alignment & Classification
(DTM Generation)

L]

Data Integration & Vectorization
(Pix4Dsurvey)

v

Topographic Plan Production and
Technical Interpretation

Figure 2. Methodological workflow

To address the complex demands of this
project, the methodological framework
combined traditional geodetic surveying with
advanced remote sensing and 3D scanning
techniques. Initially, a ground control network
was established using GNSS receivers and total
stations, forming a stable reference system for
all subsequent data collection and ensuring
spatial consistency across datasets.

UAV-based photogrammetry was  then
performed using drones with high-resolution
RGB cameras to produce orthophotos and
digital surface models (DSM). These were
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refined using LiDAR sensors mounted on UAV
platforms, which provided detailed elevation
data, even in vegetated or inaccessible zones,
enabling the generation of accurate digital
terrain models (DTMs) for hydrological and
engineering analyses.
To map the underground gallery and associated
structures, SLAM (Simultaneous Localization
and Mapping) technology was employed. A
handheld SLAM unit enabled the collection of
3D point clouds in GPS-denied tunnel
environments while also capturing video for
visual inspection of structural conditions such
as cracks, sedimentation, or collapses.
This hybrid methodology produced robust
deliverables tailored for engineering and
environmental applications, including:

e High-resolution orthophotos;
Precise DSMs and DTMs;
Cross-sectional  terrain
profiles;
Integrated 3D models;
Video records of underground conditions.
By providing reliable spatial data, this
approach supports feasibility and safety
assessments for completing the hydroelectric
project in alignment with Romania’s energy
policy. The method also offers a replicable
model for other complex or partially completed
infrastructure projects.

and  tunnel

Surveying instrumentation and equipment
overview
In the Tomesti micro-hydropower station
rehabilitation project, a suite of advanced
surveying instruments was deployed to ensure
high-precision data acquisition across diverse
terrains and structural challenges. These
technologies enabled comprehensive spatial
analyses essential for design and planning.

m GNSS Technology: UniStrong GI10

Receiver

To establish the Stereographic 1970 projection,
the UniStrong G10 GNSS receiver was used in
both static and RTK modes. Supporting GPS,
GLONASS, BeiDou, and Galileo constella-
tions, the G10 ensures high positional accuracy.
Its tilt compensator auto-corrects based on pole
orientation, and its cloud capabilities offer real-
time monitoring, updates, and triple data
storage for secure acquisition.

m Total Station: Leica TS16P
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In mountainous zones with poor satellite
visibility, the Leica TS16P robotic total station
was used to densify the control network. This
self-learning instrument auto-adjusts to site
conditions, offering high-accuracy
measurements, a S5-inch touch display, and
AutoHeight functionality for automated
instrument height reading. It also includes
LOCS8 technology for remote locking and
tracking.
m UAV-Based Surveying

A DIJI Matrice M200 drone with a Zenmuse
X4S camera and TOPODRONE 200+ LiDAR
system captured aerial data (Figure 3). The
LiDAR system, based on the Hesai XT32M2X
sensor, offers 200 m range, triple return mode,
and 3-5 cm XYZ accuracy. Its built-in 200 Hz
IMU and GNSS receiver enable precise
georeferencing. Flight planning was performed
via Map Pilot Pro, maintaining a steady altitude
of 120 m AGL for optimal coverage.

Figure 3. UAV system and GNSS

m SLAM Technology: Feima SLAMI100
Handheld Imaging LiDAR Scanner

The complex water intake structure, which
includes underground components, required
additional  scanning using Simultaneous
Localization and Mapping (SLAM) technology
(Figure 4). The Feima SLAMI100 handheld
LiDAR scanner was used for mobile mapping
in GNSS-denied environments like tunnels,
delivering high-resolution 3D point clouds
critical for evaluating the geometry and
condition of subterranean infrastructure.
The strategic integration of these advanced
surveying instruments ensured the acquisition
of precise and comprehensive data, necessary
for the effective rehabilitation of the Tomesti
micro-hydropower station. Each technology
addressed specific challenges posed by the
project's diverse terrains and structural
intricacies, collectively contributing to a robust
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geospatial framework for informed decision-
making.

Figure 4. SLAM and TS mapping; video inspection

Geospatial Data Processing and Integration
Following field data acquisition, a structured
processing workflow was implemented to
ensure data accuracy and integration across
UAV photogrammetry, airborne LiDAR, and
mobile SLAM sources. Each dataset was
processed independently, followed by a unified
integration and vectorization stage to produce
final deliverables.

UAV imagery was first geotagged using
TOPODRONE  Post  Processing, which
synchronized GNSS trajectories with image
metadata for high-precision PPK
georeferencing. Images were then processed in
Pix4Dmapper using a Structure-from-Motion
(SfM) pipeline, including alignment, sparse and
dense point cloud generation, and surface
modelling. The result was a high-resolution
orthophoto mosaic accurately referenced to the
national coordinate system.

Airborne LiDAR data was refined through
several stages to reconstruct the sensor’s
trajectory and generate a georeferenced 3D
point cloud. Using TOPODRONE LiDAR Post
Processing, GNSS and IMU data were merged
to define the flight path (Figure 5), while the
Cloud Generation module converted raw data
into spatial coordinates.

To correct internal misalignments, boresight
calibration was performed in GreenValley
LiDAR360. Manual adjustments of Roll, Pitch,
and Heading were made via Stepwise
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Geometric calibration, using cross-sectional
analysis of overlapping flight lines. This was
followed by automated strip alignment through
least-squares matching for improved spatial
coherence.

Ground classification was completed using the
Cloth Simulation Filter (CSF), effectively
separating terrain from vegetation and
infrastructure, resulting in a reliable Digital
Terrain Model (DTM).

Figure 5. LIDAR postprocessing

SLAM  (Simultaneous Localization and
Mapping) was performed using the Feima
SLAMI100 handheld scanner, equipped with a
Hensai XT16 LiDAR sensor offering 360°
horizontal and 270° vertical coverage. This was
essential for mapping the hydro-technical
gallery’s  interior, where GNSS  was
unavailable. Georeferencing was achieved by
aligning SLAM data with Ground Control
Points (GCPs) previously measured via total
stations, ensuring consistency with the national
coordinate system.

Raw SLAM data was processed in SLAM GO
software for trajectory reconstruction, noise
filtering, and initial alignment. The resulting
point cloud was imported into LiDAR360,
where the Cloth Simulation Filter (CSF)
algorithm classified ground and non-ground
points to extract underground terrain and
structural elements. All datasets, LiDAR,
photogrammetry, SLAM, and total station
measurements, were integrated in Pix4Dsurvey,
enabling vector extraction and cross-validation.
This harmonized geospatial environment
allowed accurate digitization of infrastructure
features, later exported to AutoCAD for
engineering design.
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The fusion of classical surveying tools with
advanced scanning technologies ensured precise
documentation of both surface and subsurface
structures, supporting the rehabilitation planning
of the Tomesti hydro-technical system.

RESULTS AND DISCUSSIONS

Integrated survey outputs and geospatial
products

The integrated survey campaign carried out for
the Tomesti micro-hydropower station rehabili-
tation produced a comprehensive suite of
geospatial deliverables essential to the project's
technical and environmental planning. These
outputs include orthophotos, digital terrain and
surface models (DTM/DSM), dense point
clouds, topographic layouts, and detailed cross-
sections, each contributing to a deeper
understanding of both surface and underground
conditions.

Figure 6 illustrates a detailed three-dimensional
topographic rendering of the Tomesti site,
showcasing elevation through dense contour
lines. The layout captures the steep and
complex terrain of the valley, essential for
hydrotechnical planning. Superimposed vector
elements such as roads, hydro-technical
structures, and land parcel outlines are
integrated into the model, allowing for precise
spatial analysis and elevation profiling. This

visualization ~ supports  slope  analysis,
infrastructure  alignment, and  drainage
assessment, forming a key tool in the

rehabilitation planning process of the micro-
hydropower system.

Figure 6. 3D terrain representation with contour lines

Figure 7 presents a high-resolution Digital
Elevation Model (DEM) of the Tomesti study
area, visualized using a hue-saturation-value
(HSV) shader to depict elevation changes. The
colour gradient, from red (higher elevations) to
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blue and green (lower elevations), clearly
outlines the valley’s terrain morphology, built
structures, and hydrological features. The DEM
was derived from UAV-based LiDAR data,
offering fine detail necessary for slope analysis,
hydrological modelling, and infrastructure
planning. This product is essential for
understanding elevation variability and guiding
technical designs within the hydropower
rehabilitation project.

Figure 7. Digital Elevation Model (DEM) with HSV
Shading

Figure 8 illustrates a Triangulated Irregular
Network (TIN) model overlaid with vector data
and geospatial control points. The TIN surface,
derived from LiDAR and photogrammetric
inputs, represents detailed terrain morphology
through irregular triangle meshes.
Superimposed vector lines denote features such
as roads, hydrological networks, and
infrastructure elements, while coloured pins
mark field-verified geospatial targets or control
points. This combined visualization supports
3D terrain analysis, infrastructure alignment,
and engineering planning within the Tomesti
hydropower site.

Figure 8. TIN surface with vector overlay and markers
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Figure 9 presents a cross-section profile
extracted from LiDAR data, corresponding to
the yellow transect line shown on the elevation-
coloured orthophoto. The upper image provides
spatial context within the Tomesti site, while
the lower section displays elevation values
along the transect. The profile distinctly
captures both surface terrain, including road
infrastructure and vegetation, as well as the
outline of the underground hydrotechnical
tunnel. This dual-layer representation offers
valuable insights into the vertical spatial
relationships between above-ground features
and subsurface infrastructure.

To Pos: 291691.520, 477C

Figure 9. LiDAR and SLAM derived
cross-section profile

Figure 10 displays a high-resolution UAV-
derived orthophoto of the Tomesti site, overlaid
with the traced alignment of the underground
tunnel.

Figure 10. Orthophoto with tunnel overlay
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The tunnel path is color-coded by elevation,
allowing clear visualization of its trajectory
beneath the terrain and infrastructure. The
overlay facilitates precise spatial correlation
between the subsurface gallery and surface
features, proving essential for engineering
assessment and future rehabilitation planning.

Topographic mapping and layout plan
Topographic plans are essential tools in civil
engineering, infrastructure development, and
environmental management. These scaled car-
tographic outputs accurately represent terrain
through elevation contours, hydrography, vege-
tation, and man-made structures such as roads
or utilities. They are critical for understanding
slope dynamics, drainage paths, construction
feasibility, and site access, particularly in moun-
tainous terrain like the Tomesti study area.
Beyond visual representation, topographic
plans integrate data from GNSS, total station,
UAV photogrammetry, and LiDAR to provide
georeferenced context for all design and
modelling efforts.

In modern workflows, these plans are derived
from dense point clouds and processed in
platforms such as Pix4Dsurvey or AutoCAD
Civil 3D, allowing precise integration with
engineering and environmental analyses. Their
role extends from initial assessment to ongoing
monitoring, making them a central deliverable
in multidisciplinary survey projects.

The Topographic Plan (Figure 11) marks the
culmination of the Tomesti survey campaign,
merging LiDAR and photogrammetric data
with vector features derived from total station
observations. It depicts both natural and built
elements, offering a comprehensive layout for
hydrotechnical assessment and design. Contour
lines extracted from the DTM illustrate slope
variations and elevation changes crucial for
hydrological planning and infrastructure layout.
The alignment of the underground gallery,
catchment structures, forested zones, roads, and
open terrain are all vectorized and overlaid on
an orthophoto mosaic, enabling precise visual
correlation with real-world imagery.

This detailed and multi-layered plan provides
the spatial foundation for modelling, enginee-
ring design, and environmental evaluations,
supporting the informed rehabilitation of the
Tomesti micro-hydropower system.
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Figure 11. Topographic plan of Tomesti study area with integrated elevation, hydrography, and infrastructure data

SLAM data accuracy assessment and
control point validation

Accuracy assessment is a critical element in
geospatial data acquisition, especially when
merging outputs from multiple sensors like
SLAM and total stations (Figure 12). In
complex engineering projects, spatial precision
underpins reliable design, structural analysis,
and implementation. While SLAM excels in
GNSS-denied environments such as tunnels, it
is prone to positional drift and trajectory errors
from motion instability and sensor noise. To
ensure spatial integrity, SLAM point clouds
must be validated against high-accuracy control
points, best obtained using total stations, which
offer millimetric precision in areas where
GNSS is ineffective. Comparing SLAM
outputs with total station-derived control points
allows for the identification and correction of
spatial discrepancies, ensuring the dataset is
accurately aligned within the project’s
coordinate system. This process is essential for
hydrotechnical rehabilitation, where accurate
underground alignment and modelling are vital.
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Ultimately, such accuracy checks enhance the
reliability of final products and support
confident, data-driven decisions.

GCPRTK accuracy: Hgh [l Low [l

Figure 12. SLAM point cloud with GCPs (G6-G11) used
for spatial alignment and accuracy validation in the
national coordinate system
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The table presents an accuracy assessment
comparing SLAM (Simultaneous Localization
and Mapping) data with control point
coordinates measured via total station. It
includes six control points (G6 to Gl1),
showing both coordinate sets to evaluate

environments. For each point, residual errors in
X, Y, and Z axes are provided (Table 1), with
Dxy representing horizontal deviation and Dz
the vertical difference. Dxy errors range from
0.021 to 0.052 m, while Dz values remain
below +0.02 m, indicating strong vertical

SLAM’s spatial precision in inaccessible consistency.
Table 1. Residual errors for each GCP, with overall accuracy assessment
Control point (m) Measurement Coordinates (m) Residual Error (m

GCP Name East X North Y UpZ |Measurement X| Measurement Y| MeasurementZ| DX DY DXY DZ
G8 291671.593 | 477060.581 | 272.453 291671.570 477060.582 272.473 0.023 | -0.001 | 0.023 | -0.020
G9 291653.152 | 477030.348 | 274.453 291653.147 477030.320 274.469 0.005 | 0.028 | 0.029 | -0.016
G 10 291664.952 | 477032.59 | 272.710 291664.900 477032.587 272.712 0.052 | 0.003 | 0.052 | -0.002
G11 291691.226 | 477045.855 | 271.724 291691.207 477045.884 271.727 0.019 | -0.029 | 0.034 | -0.003
G7 291661.634 | 477099.282 | 270.974 291661.625 477099.263 270.997 0.009 | 0.019 | 0.021 | -0.023
G6 291637.355| 477123.85 | 270.088 291637.383 477123.871 270.087 -0.028 | -0.021 | 0.035 | 0.001
Mean Error 0.013 | 0.000 | 0.032 | -0.010
RMSE 0.027 | 0.020 | 0.034 | 0.014

Also included are the mean error and Root
Mean Square Error (RMSE), with an RMSE of

~0.027 m, validating the system’s high
accuracy, remarkable for a GNSS-denied,
subterrancan environment. This confirms

SLAM’s ability to achieve centimeter-level
precision when anchored to total station
benchmarks. For the Tomesti project, SLAM
delivered reliable 3D documentation that met
engineering standards for structural evaluation
and design planning.

Rehabilitation strategy and hydro-technical
design proposals

The revitalization of the Tomesti micro-
hydropower station represents a strategic fusion
of modern geospatial technologies and
sustainable energy objectives. Originally
planned decades ago but left incomplete, the
site remains viable due to its existing
underground infrastructure and favorable
hydrological context. The current project
outlines a full rehabilitation strategy, aligning
with present-day technical, environmental, and
policy standards.

Based on high-resolution topographic and 3D
mapping using GNSS, LiDAR, and SLAM, the
proposed works address both surface and
underground hydro-technical components. This
geospatial data provided accurate terrain
models, structural detail, and precise spatial
alignment to guide engineering analysis and
updated documentation.
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Rehabilitation efforts focus on the adduction
gallery and water intake systems. The pre-
existing tunnel, though unused, was digitally
reconstructed via SLAM scanning, allowing for
condition evaluation and targeted actions such
as consolidation, alignment correction, and
sealing, ensuring long-term functionality under
varying flow regimes.

At the surface, the intake structures on Bega
River tributaries will be redesigned to meet
modern hydropower standards. The updated
system integrates ecological flow control,
sediment handling, and durability
improvements, using adjustable sluices and
fish-friendly features to guide water safely into
the rehabilitated gallery.

Further downstream, the incomplete power
cavern will be fitted with automated turbines
and linked to the national grid. The upgraded
facility aims to deliver efficient, low-impact
renewable energy, contributing to local
sustainability goals.

The 3D rendering of the intake structure
illustrates the planned upgrades derived from
our integrated survey campaign (Figure 13).
Key rehabilitation targets include degraded
concrete components such as the overflow
weir, sluice niches, retaining walls, and loading
chamber. These will be cleaned and reinforced
using mesh and sprayed concrete to restore
structural integrity.
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Figure 13. 3D rendering of the rehabilitated water intake
structure, designed based on topographic and LiDAR
measurements, showing the restored weir, retaining
walls, and access elements integrated into the terrain

Interior and exterior reinforcements will be
connected to enhance cohesion (Figure 14).
The proposed design aligns precisely with
terrain  data  extracted from < UAV
photogrammetry and SLAM scans, ensuring
accurate positioning and minimal landscape
alteration.

Figure 14. Detailed 3D model of the rehabilitated intake
structure, highlighting spillway elements, intake gates,
and access platforms, reconstructed based on precise
geospatial data

Crucially, all interventions are designed to
comply  with  national  energy  and
environmental  regulations. The  project
embraces a low-impact philosophy, reusing
existing structures, minimizing deforestation,
and preserving the visual integrity of the
mountainous landscape. As such, the Tomesti
initiative  illustrates how legacy hydro-
infrastructure can be repurposed using
contemporary tools, offering a replicable model
for future sustainable energy projects in similar
terrains.
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CONCLUSIONS

This study demonstrates the critical importance
of integrating modern geospatial technologies
with traditional surveying methods for complex
infrastructure projects situated in rugged,
forested, and geologically challenging environ-
ments. The revitalization of the Tomesti micro-
hydropower station, a legacy project abandoned
decades ago, required not only technical inno-
vation but also methodological precision and
environmental sensitivity. Through the combi-
ned use of GNSS-based control networks, total
station measurements, UAV photogrammetry,
airborne  LiDAR, and SLAM scanning, a
comprehensive spatial dataset was generated,
one capable of supporting both engineering
design and environmental compliance.

The resulting geospatial products, including
orthophotos, DSMs, DTMs, 3D tunnel
reconstructions, and a detailed topographic
plan, provide a unified spatial framework for
decision-making and technical validation.
Accuracy assessments between SLAM-derived
outputs and total station control points
confirmed the reliability of the multi-sensor
workflow, with sub-decimetric residuals
ensuring confidence in the datasets used for
design.

The case of Tomesti highlights how modern
geomatics can breathe new life into dormant
infrastructure by bridging outdated
documentation with current spatial realities.
The proposed rehabilitation, grounded in this
high-fidelity survey campaign, encompasses
both structural restoration and environmentally

conscious hydrotechnical design. If
implemented, this initiative will not only
contribute to local renewable energy

production, but also serve as a replicable model
for similar projects across Romania and other
mountainous regions. This work underlines the
evolving role of geomatics in sustainable
development, where multi-sensor integration,
precision mapping, and terrain intelligence
converge to enable resilient, future-ready
engineering solutions.
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Abstract

The objective of this study was to evaluate the ability of clay (nano- montmorillonite) to the remediation of natural (Ni)
rich soils, having the nickel hyperaccumulator Odontarrhena calchidica test plant. The experiment was conducted in a
greenhouse in a completely randomized design, with three replicates. The experiment was conducted in 2 kg plastic plot.
We used four doses of clays: 0.0, 21.4, 44.3 and 64g kg, corresponding to 0, 30, 60 and 90 t ha’', respectively.
Throughout the experiment, the plants were regularly irrigated, and NPK fertilization was applied to ensure optimal
growth conditions. After 60 days, the soil analyzed for total nickel in XRF and available nickel prp4 extraction in Atomic
Absorption. The BFP and BFR of Odontarrhena chalcidica decreased significantly as a function of increasing doses of
nano-montmorillonite, indicating an increase in the adsorption of nickel in the soil. However, the BFP and BFR values
were high, indicating hyperaccumulation potential of O. chalcidica. Based on the results, the application of clay in
agricultural nickel rich soils favors their improvement.

Key words: clay, nano-montmorillonite, hyperaccumulator, Odontarrhena calchidica, XRF.

INTRODUCTION (using plants to absorb nickel) and chemical
stabilization, have limitations.
Nickel (Ni) is an essential micronutrient for =~ Phytoremediation is a slow process, while

plant growth but when present in high concen- chemical treatments can introduce new
trations it can become toxic to both plants and environmental risks (Kumpiene et al., 2008). To
the environment (Seregin & Kozhevnikova, reduce nickel availability in soil remediation

2006; Chen et al., 2009). Serpentine soils, which techniques such as the use of adsorbent
are naturally rich in nickel and derived from materials, particularly clay minerals have been
ultramafic rocks are particularly challenging for explored (Ghorbel-Abid et al., 2010; Uddin,
agriculture (Kazakou et al., 2008). These soils 2017). These materials are readily available,
can lead to excessive nickel accumulation in environmentally friendly and effective at
food crops, raising health concerns and reducing immobilizing heavy metals (Uddin, 2017). This
agricultural productivity. Excess nickel slows occurs through processes such as adsorption and
plant growth, lowers yields and decreases the ion exchange, where nickel ions are replaced by
nutritional value of food (Marschner, 2012). other ions on the clay surface (Bhattacharyya &
Therefore, finding effective strategies to manage Gupta, 2008).

nickel-rich soils is crucial for sustainable Nano-montmorillonite, a type of clay predo-
farming. minantly composed of smectite (90%), has
A notable example of this challenge is the proven effective in reducing the bioavailability
Tropoja region in northeastern Albania, where of heavy metals, thereby limiting their uptake by
serpentine soils contain naturally high levels of  plants (Wang et al., 2015).

nickel, posing risks to both the environment and ~ Due to its high surface area and cation exchange
local agriculture (Bani et al., 2015). Existing capacity, nano-montmorillonite can be incorpo-
remediation methods, such as phytoremediation rated into soil as a conditioner to improve
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chemical and physical properties, particularly in
sandy soils (Tako, 2015).

The objective of this study was to evaluate the
ability of clay minerals to improve naturally
nickel-rich soils, using the nickel hyperaccu-
mulator plant Odontarrhena chalcidica as a test
species. We use as amendment clay minerals
extracted from soil of a distinct ultramafic
regions of Albania, from Domosdova field,
Prrenjas (Tako, 2015).

This research also aims to contribute to the
development of sustainable and cost-effective
methods for managing nickel-contaminated
farmland while enhancing our understanding of
nickel dynamics in soil-plant systems.

MATERIALS AND METHODS

Experimental Materials and Treatment

The study was conducted under greenhouse
conditions at Sila Company, Fushe-Kruje,
Tirane to investigate the effects of clay
amendments on nickel availability and plant
accumulation. Experiments were performed
using the nickel hyperaccumulator plant
Odontarrhena chalcidica native plant in
serpentine soil of Albania. The soil collected
from the ultramafic soil of Tropoja region in
northeastern Albania (0-20 cm depth). From
previous study we know that this soil was rich in
nickel. Seeds of O. chalcidica came from native
plants that grow up in ultramafic site of Tropoja.
The experiments were conducted in 2 kg plastic
containers. The plots were designed according
to a randomized complete block design. The
experiment was organized with four replicates
for each treatment.

Each experimental unit received four doses of
clay: 0.0, 21.4, 44.3, and 64 g kg'!, corres-
ponding to 0, 30, 60, and 90 t ha™', respectively.
The clay was sourced from clayey soil from the
main serpentine clay deposit in Domosdova
field, southeast of Albania (Tako, 2015). The
clay was thoroughly mixed with the soil to
ensure uniform distribution (Uddin, 2017). The
X-ray diffractogram of the clay minerals was
performed in the Institute of Soil Research,
University of Natural Resources and Life
Sciences, Vienna, Austria and it is presented in
Figure 1. The soil was conditioned in plastic
containers, irrigated to field capacity, and
incubated for 20 days. After incubation,
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O. chalcidica seeds were sown on March 1,
2024. Plant seeds were sown using a broadcast
method and covered with a thin layer of soil on
the surface. Throughout the growth period,
water was periodically supplemented using the
weighing method to maintain soil moisture at
60~70% of field capacity. Eight days after
emergence, thinning was performed to maintain
two plants per container. Fertilization was
applied at rates of 3g of 20N: 20P: 20K to ensure
adequate nutrient supply.

Soil and plant sample analyses

After 60 days of growth, plants were harvested,
and soil and plant samples were collected. The
plants aboveground parts and root systems were
cleaned and weighed separately. The aerial parts
and roots were separated, washed with deioni-
zed water, oven-dried at 80°C until a constant
weight was achieved, and weighed to determine
dry biomass of plants (Kazakou et al., 2008).
The dried soil and plant samples were finely
pulverized and ground for subsequent analysis.
The soil samples were air dried and passed
through a 2 mm nylon sieve to determine soil
physico- chemical properties; its pH, organic
matter content, cation exchange capacity (CEC),
available nickel was analysed in the Laboratory
of the Department of Environment and Natural
Resources at the Agricultural University of
Tirana. Available nickel in the soil was extracted
using DTPA and quantified via AAS (Lindsay
& Norvell, 1978). Total heavy metals concen-
trations in soil and heavy metals in plant
analyzed using X-ray fluorescence (XRF) in the
Laboratory of the Department of Biology at the
University of Florence, Italy.

The following parameters were assessed for
plants: Bioaccumulation Factor in Plant (BFP)
was calculated as the ratio of nickel concen-
tration in the aerial parts to that in the soil (Bani
et al., 2024). Bioaccumulation Factor in Root
(BFR) was calculated as the ratio of nickel
concentration in the roots to that in the soil
(Kidd et al., 2018). Translocation Factor (TF)
was calculated as the ratio of nickel concen-
tration in the aerial parts to that in the roots (Bani
etal., 2015).

Statistical Analysis
Data was analyzed using analysis of variance
(ANOVA) with an F-test to assess treatment
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effects (Clay doses effects on BFP, BFR and
Shoot Dry Biomass) (Kumpiene et al., 2008).

RESULTS AND DISCUSSIONS

Bulk mineralogy of the clay from source
Domosdova field, south-east of Albania is
dominated by the group of layer silicates.

We count to this group mica and all clay
minerals. Accessory minerals are feldspars,
pyroxenes, talc, serpentine minerals and traces
of quartz (Figure 1). This clay could be the
weathering product of ultramafic rocks.
Semiquantitative results of clay mineralogy
<2um told us that this clay mineral is a nano-
montmorillonite, absolutely dominated by
smectite with about 90 %. All the other clay
minerals are present in very small amounts. In
this sample, the diffractograms from the various
treatments are not definitive; some indicate the
presence of smectite, while others also suggest
the presence of vermiculite. The observed peaks
are characteristic of smectite clays, serpentine as
well as layer silicates, quartz and feldspars. This
mineral will show a very high absorption
capacity independently if it is smectite or
vermiculite.

Clay Prrenjas, bulk mineralogy

Serpentinite

Intansity (cps)

Layer silicates 1\

Serpentinite disia "

1} H) L3 ® W [} Theta ()

Figure 1: X-ray diffractogram of clay from Domosdova
field, bulk mineral composition. The most important
peaks are marked

Soil characteristics

The serpentine soil from the Tropoja region was
analyzed to determine its physicochemical
properties which are essential for understanding
its suitability for plant growth, particularly for
hyperaccumulator plants. Table 1 presents the
soil properties, including pH, organic matter,
texture and concentrations of essential nutrients
and heavy metals.

The soil pH was neutral (7.0) that is in the
adequate range for this hyperaccumulating
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species (Bani et al., 2014, Kukier et al., 2004).
The soil of Tropoja shows a CEC of 20.6 cmol
kg™, this because had a considerable clay
content in the soil (27.5%).

Table 1. pH, Physicochemical properties
(Mean values + SD) of serpentine soil of Tropoja

Physicochemical properties Mean values = SD
pH 7
Organic matter (%) 4.5
CEC (cmol kg ™) 20.6
EC (us/cm) 27.6
Sand (%) 9.95
silt (%) 62.5
Clay (%) 27.5
K (mg kg™) 1442 + 330
P (mgkg™) 1859 + 240
Ca (mg kg™) 8645 + 250
Mg (mg kg™) 21867 +370
Cr (mgkg™) 475+79
Mn (mg kg™") 1728 £ 13
Fe (mgkg™") 96338 + 3340
Co (mgkg™) 170 + 33
Ni (mg kg™) 1739 + 36
Cu (mg kg™) 25+3
Zn (mgkg™) 123 +£38
Pb (mgkg™) 34+4

*SD - standard deviation

Total P and K concentrations in the soil were
low respectively 1442 mg kg™ for P and 1859
mg kg' for K. In general, serpentine soils are
deficient in K and P total contents (Bonifacio &
Barberis, 1999), which is a major cause of poor
agricultural yields of main crops. The use of
fertilizers and organic amendments improved
soil fertility.

The organic matter content was 4.5% that is
satisfactory for agronomic purposes (Fenton et
al., 2008). Total Ca (8645mg kg™)
concentrations in the soil were lower than Mg
(21867 mg kg ™), and soil has elevated levels of
total metals like Ni, Co, Cr, Mn and Fe that are
typical of ultramafic soils. Total Ni
concentration is high 1739 mg kg™!, higher than
those considered toxic to normal plants by Allen
et al. (1974), Kabata-Pendias (1984), and
Brooks (1987).

Nickel availability in soil

The application of nano- montmorillonites clay
significantly reduced the bioavailability of
nickel in the serpentine soil of Tropoja. As
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shown in Table 2, the available nickel concen-
tration decreased with increasing clay doses.

Table 2. The available nickel in serpentine soil of
Tropoja for the different clay treatments

Treatment (Clay Dose) Nickel available in soil
(g/kg) (mg/kg)
0 88.7
30 69.9
60 33.6
90 27.9

Thus, the available nickel content in the Tropoja
soil, where clay from the Domosdova field was
applied and nickel hyperaccumulator plants
were cultivated, decreased by 68.5%, from 88.7
mg/kg to 27.9 mg/kg.

This reduction is attributed to the adsorption and
ion  exchange  properties of  nano-
montmorillonites which immobilize nickel ions
due to its high surface area and cation exchange
capacity (CEC).

Nickel Concentrations in Plants and Roots

The dry biomass of the aerial part (shoot) of the
O. calchidica was adjusted to a linear model as
a function of increasing doses of clay mineral
(Figure 2) ranged from 3.1 g (0 t ha' clay
mineral) to 54 g (90 t ha' clay mineral),
corresponding to an increase of 1.74 times
higher in the highest dose compared to control.

6,0
~ 50
&0
§4,0/ y=0.0247x+3.35
2 =
230 R2=0.9283
=
£20
2
g 10
=
£ 0,0

30 60 90

Doses of Clay mineral t ha™*

=}

Figure 2. Dry biomass of the shoots for O. calchidica
cultivated in serpentine soil of Tropoja for the different
nano-montmorillonite clay treatments

The positive effect of nano-montmorillonite
clay addition on plant growth may be due to its
positive effect on the water retention capacity
(Wang et al., 2015) and the growth of surface
area, increasing the metal cation adsorption
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capacity present in the soil (Tako, 2015) and
consequently decreasing the concentration in the
plant parts.

The nickel concentration in the shoot and in the
roots of radish was significantly influenced by
applying nano-montmorillonite clay (Figure 3).
The linear behavior of the nickel concentration
in shoots and roots of plants, shows the decrease
of Ni concentration with increasing doses of
nano- montmorillonite clay ranging from 16545
to 9078 mg kg™ in the shoot (Figure 3A) and
ranging to 1993 to 2660 mg kg in the roots
(Figure 3B) occurring a decrease of 31.47% and
25%, respectively, the control regarding the
higher dose.
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Figure 3. Nickel concentration in the shoots

(A) and roots (B) of O. calchidica cultivated

in serpentine soil of Tropoja for the different
nano-montmorillonite clay treatments

The reduction of Ni concentration in this
hyperaccumulator plant is explained by the
reduction of the availability of the nickel in the
soil with the increase of clay doses from 0 to 90
t ha'!'. This decrease is likely attributable to the
adsorption of nickel by nano-montmorillonite.
The ability of a plant to accumulate metals from
soil can be estimated using the bioaccumulation
potential in plant (BFP) and/or in root (BFR).
These factors can be used to estimate a potential
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plant for phytoremediation purposes. The BFP
and BFR of O. calchidica decreased
significantly by increasing doses of nano-
montmorillonite soil (Tables 1, 3) indicating an
increase in the adsorption of nickel in the soil,
decreasing the concentration in the plant parts.
This behavior is beneficial since clay minerals
such as nano- montmorillonite have a great
potential to adsorb pollutants due to their large
specific surface area, the layered structure, and
high cation exchange capacity (Bhattacharyya &
Gupta, 2008).

According to Figure 4, the BFP and BFR ranged
from 9 to 6.17 and from 1.52 to 1.14 showing a
reduction of 31% and 25%, respectively. The
BFP and BFR values were high, indicating high
hyperaccumulation potential of O. calchidica,
for Ni. Application of nano- montmorillonite
reduced BFP and BFR values indicating reduced
nickel uptake. These results suggest that nano-
montmorillonite is an effective amendment for
reducing nickel bioavailability in nickel-rich
soils.
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Figure 4. Bioaccumulation factor of nickel in plant
(BFP) and in root (BFR) of O. calchidica for the
different nano-montmorillonite clay treatments

The translocation factor (TF) gives the shoot/
root nickel concentration and showed the ability
of our plant for nickel translocation from roots
to shoots at our experiment with different doses
of clay minerals.
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Table 3. Clay doses effects on BFP, BFR and Shoot Dry
Biomass tested one-way ANOVA

Variable F-value P-value F crit
BFP 25.61 0.000187 4.066
BFR 118.01 5.82E-07 4.066
Shoot Dry 46.9 2.02E-05 4.066
Biomass

The TF varied from 7.1 to 5.89 showing a
reduction of 17% depending on Clay doses.
However, TF values were high, indicating high
nickel translocation potential of O. calchidica
plant.

CONCLUSIONS

Nano-montmorillonite in  nickel-rich soil
significantly enhanced the shoot development of
Odontarrhena calchidica and promoted nickel
retention in the soil, as evidenced by reduced
nickel concentrations in the plant's shoots and
roots. It also contributed to the reduction of
bioaccumulation factors of nickel.

This study highlights the vital role of nano-
montmorillonite clay in making nickel-rich soils
safer and more productive. By applying this
clay, the bioavailability of nickel is significantly
reduced, protecting crops and the food chain
from harmful accumulation.

The notably high nickel concentrations in the
aerial parts of O. calchidica further confirm its
strong hyperaccumulation ability, making it
highly suitable for phytoremediation.

These findings are not only scientifically
significant but also offer practical solutions for
farmers and communities dealing with nickel-
rich soils.

By improving soil health and reducing nickel
toxicity, this approach supports healthier crops,
sustainable agriculture, and public health.
Future research should examine the long-term
effects of clays and the use of Odontarrhena
calchidica to enhance remediation efforts.
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Abstract

Although the presence of microplastics in the oceans was first reported in the 1970s, the first studies on lakes were
published in 2011. This pioneering study aims to determine the presence of microplastics in the Somova-Parches
lacustrine complex, situated in the predeltaic territory of the Danube Delta Biosphere Reserve. The Pollution Load Index
(PLI) was also calculated to assess the microplastic pollution level in water. The microplastics concentrations in the
water of the 6 investigated lakes varied in the 0.15 - 0.65 particles-m™ range. The PLI index values indicated a low level
of microplastic pollution (level 1). The results of the micro-FTIR analyses highlighted the predominant presence of
polyethylene and polypropylene polymers in the composition of the collected microplastics. The present study contributes
to bridging the knowledge gap regarding the occurrence of microplastics in freshwater.

Key words: emerging pollutant, freshwater, Lower Danube water, micro-FT-IR.

INTRODUCTION ecosystems are strongly connected to inland
waters. Therefore, their pollution has a direct
In recent years, due to their versatility, the impact not only on aquatic and terrestrial biota,
production and consumption of plastic products ~ but also on human health (Luo et al., 2024).
have increased significantly = worldwide. Lentic ecosystems serve as indicators of
According to predictions, global production  watershed health due to their capacity to
could reach 25 billion tons by 2050 (Liu et al., accumulate pollutants (Dusaucy et al., 2021).
2025). In addition, total plastic waste production For these reasons, it is essential to monitor
could be estimated at 12 000 million tons by  microplastics in lakes.
2050 (Zhang et al., 2024). The mismanagement The main aim of this study is to evaluate for the
of plastic waste contributes to its release into the first time the presence of microplastics in six
environment, where it is fragmented into lakes from the Somova-Parches aquatic
microplastics (MPs) (Gan et al., 2025). complex, Romania. In addition, the pollution
Microplastics are  considered  hazardous level of lake water with microplastics was
substances in the environment due to their determined by calculating the Pollution Load
composition (e.g. additives), irregular shape, Index (PLI).
small size and their ability to carry other = Somova-Parches lacustrine complex is situated
pollutants that can have a harmful impact on in the western part of the Danube Delta, near
biota (Nguyen et al., 2023). Tulcea City. The lakes in this complex are fed
Although most research has focused on  with water from the Danube River, especially in
microplastics in marine ecosystems, recent high-flow seasons (e.g., spring) (Burada et al.,
studies have shown that microplastic pollution 2015). The water quality of the Danube and its
in inland waters can be 20 times higher than in ~ tributaries in Romania has been physico-
marine ecosystems (Horton et al., 2017; Pol et chemical evaluated in numerous articles by
al., 2023). Human activity and terrestrial calculating the Water Quality Index (WQI).
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According to the obtained results, it was mostly
classified in class II - “good” (Frincu, 2021).
Regarding microplastic pollution, according to
the study conducted by Procop et al., 2024 the
Danube water transports approximately 46-51
tons of microplastics per year on the territory of
Romania.

MATERIALS AND METHODS

The area investigated in this study is important
because the Danube Delta has been part of the
UNESCO (United Nations Educational, Scientific
and Cultural Organization) World Heritage Site
Biosphere Reserve since 1991 (Popa et al.,
2018). In Figure 1, the 6 lakes from which the
microplastics were taken can be localized:
Morun Lake, Babele Lake, Parches Lake, Potica
Lake, Casla Lake, and Somova Lake.

780'000

The microplastics were collected from the water
with a 150 um mesh size with a mechanical flow
meter that quantifies the volume of filtered
water.

The sample preparation, i.e., the isolation of
microplastics from organic matter and dense
impurities, was carried out according to the
method presented in the article by Calmuc et al.,
2023.

Microplastics were filtered on Polyvinylidene
Fluoride (PVDF) membrane filters with 0.45 um
pore size and 47 mm diameter.

The microplastic filters were analysed using the
Spotlight 400 FT-IR Imaging System,
PerkinElmer equipment, to identify the
polymers in the composition.

The analyses were performed with a resolution
of 16 cm™, a spatial resolution of 6.25 um, and
a spectral range between 4000 -750 cm™.
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Figure 1. Location of lakes investigated

The Pollution Load Index (PLI) is used to assess
the degree of microplastic pollution in the
environment and can be calculated according to
formulae 1 and 2 (Qiu et al., 2023; Zhou et al.,

2024):
PLI=+/CFi

CF;-<
co

M
(03

were:
CF; = MPs contamination index;
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Ci = MPs abundance in monitoring stations;
Co = MPs background value (in this study,
Co represents the lowest MPs concentration
recorded in investigated lakes, respectively
0.15 particles'm™.

According to Table 1, the degree of MPs
pollution can be divided into four levels
depending on the PLI index score.
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Table 1. Pollution Load Index classes
(Qiu et al., 2023; Zhou et al., 2024)

PLI values Pollution Level
0-10 I-Low
11-20 1T — Medium
21-30 IIT — High
>30 IV — Extremely high

RESULTS AND DISCUSSIONS

Figure 2 illustrates the abundance of
microplastic particles recorded in each of the 6
lakes investigated. Particle concentrations
ranged from 0.15-0.65 particlessm™, with the
highest abundance recorded in Somova Lake.
The main sources of pollution with MPs would
be the Danube River that supplies the lakes with
water, fishing, tourism, and anthropogenic
activities that take place in the localities near the
lakes. For example, the village of Somova is
located on one of the banks of Somova Lake
(where the maximum value was recorded).

Babele

0.7

0.6

Concentration (no. particles -m3)

Morun Parches Potica Casla Somova

Lakes

Figure 2. Microplastics concentration in the investigated
lakes

Studies showed that MPs concentration in
freshwater depends on anthropogenic factors
such as population density (Jian et al., 2020).
The density of the Somova commune, which
includes the villages of Somova, Parches, and
Mineri, is low, at 33.65 peoplekm? (2021)
(www.citypopulation.de). Similar results were
observed in the study conducted by (Fischer et
al., 2016), where concentrations of 2.68 to 3.36
particles'-m™ and 0.82 to 4.42 particles'm™ were
identified in the surface water from Chiusi Lake
and Bolsena Lake, respectively (central Italy).
High concentrations of MPs (2425 — 7050
particles'm™) were observed in the surface water
of 20 lakes in the urban area of Changsha, China
(Yin et al,, 2019).
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Based on the morphological classification, MPs
collected were film, fragment, and fiber.
Fragment and fiber shapes dominate the six
lakes, which indicates different sources of
pollution (Figure 3) (Li et al., 2021).

Somova

Casla

Babele

Morun

40% 50%
Morphological classes

mFilm ® Fragment - Fiber

Figure 3. Morphological classification of microplastics

Visible images of MPs particles collected from
the six lakes of different colors (green, blue,
red), irregular shapes (film - a, fragment - b,
fiber - ¢, d), and sizes are illustrated in Figure 4.
An irregular shape suggests that the larger
particles' fragmentation can be the source
(Rosal, 2021). The sharp edges of irregular
shapes can cause physical damage to the
stomach wall of fish ingesting MPs (Hossain et
al., 2019).

The size classes of microplastics are plotted in
Figure 5. In the Somova, Casla, and Babele
lakes, MPs were collected from all four size
categories (<150 pm, 150 - 500 pm, 500 - 1000
um, and 1000 - 5000 um), while in the Potica
and Parches lakes, only the 500 - 1000 um and
1000 - 5000 um classes were found. The size of
microplastics is another important morpholo-
gical parameter. The presence of larger particle
sizes is a source for the secondary of smaller
fragments, thus favoring an increase in con-
centration. Smaller sizes are more bioaccessible
and have a higher surface-to-volume ratio,
making them more harmful (Sutkar et al., 2023).
The polymer composition is another essential
parameter of microplastics that provides
valuable information for identifying pollution
sources. Figure 6 illustrates the image obtained
after micro-FT-IR analysis of a microplastic
sample on a PVDF filter. Variations in
absorbance intensity can be observed, with
higher intensities corresponding to greater
thickness of the MPs particles.
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Figure 4. Visible images of microplastics: a) film; b) fragment c); d) fiber
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Figure 5. Microplastics size categories
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Figure 6. Micro-FT-IR spectral image of microplastics
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The IR spectra were extracted from the obtained
images (Figure 7) and based on a comparison
with the Spectra Databases for Polymers -
S.T.Japan Europe GmbH, the polymers
composing the microplastics were identified.

The ubiquitous polymer identified in greatest
abundance was polyethylene (PE) (Figure 8).
The highest polymer diversity was found in
Somova and Casla lakes, where the highest
concentrations were recorded. This result is
explained by the fact that PE is the most widely
used polymer in plastics production
(https://www.britannica.com/science/polyethyl
ene.). The second polymer observed was
polypropylene (PP), which is one of the most
widely used polymers worldwide for packaging
(Fernandez-Gonzalez et al., 2021). Polyester
(PES), polyacrylonitrile (PAN), and rayon were

identified in the fiber composition. Microfiber
pollution is caused by fishing nets, rope from
lakes, and textiles, in particular by their presence
in the air and domestic washing machine
effluents (Salvador Cesa et al., 2017).

PVC (polyvinyl chloride) was found in the
Somova Lake, which could originate from the
degradation of building materials and insulation
of cables based on this polymer (Akovali, 2012).
In addition, a hydroxyl functional polyester—
based paint particle was collected from Somova
Lake, which could come from the boat paint.
According to the report “Plastic Paints the
Environment”,  published in 2022 by
Environmental Action in Switzerland, paints
account for 58% of microplastics in the world's
oceans and waterways (Paruta et al., 2022).
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Figure 7. IR spectra of the identified polymers

Somova
Casla

Potica

Lakes

Parches
Babele
Morun

0

ES

40%

60% 80%

Type of polymer

N PE ' PP mPES " PVC mPAN m PE-PP ® Paint (hydroxy functional polyester) ®m Rayon

Figure 8. Polymer composition of microplastics
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Another aim of the present paper was to assess
the level of microplastic pollution in the 6 lakes
by calculating the PLI index. The index values
are plotted in Figure 9 and are in the range 0.86-
1.80, indicating a low level of microplastic
pollution (category risk I). Low MPs pollution
load was observed in high-altitude glacier lakes
in Northern Anatolia, water PLI values ranging
from 1.00 to 2.65 (Akdemir et al., 2025).

Somova

Césla

Potica

Lakes

Parches

Babele
Morun

0.5 1

PLI Index value
Figure 9. PLI index values
CONCLUSIONS

In this paper, the presence of microplastics in 6
lakes from the Somova-Parches lacustrine
complex was studied for the first time. The MPs
concentrations in the water of the 6 investigated
lakes varied in the 0.15-0.65 particles'm™ range.
A variety in the shape, size, and polymer
composition of the MPs in the collected samples
was observed, indicating the diversity of
pollution sources. The MPs shapes identified
were fragment>fiber>film. The results of the
micro-FT-IR analyses highlighted the presence
of PE>PP>PES>PAN>PVC>Paint (hydroxyl
functional  polyester) polymers in the
composition of the collected microplastics. PLI
values of all the lakes showed minor
contamination with microplastics in the risk I
category. This pioneering research fills a
knowledge gap, providing valuable information
on microplastic pollution of previously
unexplored freshwater ecosystems.
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Abstract

The Somova-Parches Aquatic Complex is part of the Danube Delta Biosphere Reserve and hosts a wide variety of fauna
and flora species of community importance. This complex is fed with a significant volume of water from the Danube River,

thus influencing the quality of the lake ecosystems. For this reason, the present study aims to investigate the presence of
certain classes of pharmaceutical residues in water sampled from 6 lakes, namely Somova, Parches, Morun, Potica,

Babele, Cdsla, as well as their ability to accumulate in the tissues of fish collected from the same study area. Extraction
of pharmaceutical compounds was performed using the solid phase extraction method for water samples and the
QuEChERS method for fish tissues. Results obtained from analyses using high-performance liquid chromatography
coupled with high-resolution mass spectrometry revealed the presence of the pharmaceutical compound caffeine in most
water samples and its tendency to accumulate in some fish organs, such as the gills.

Key words: Somova-Parches Aquatic Complex, pharmaceutical residues, water, fish tissue.

INTRODUCTION

The Danube River supplies water to the
Somova-Parches Aquatic Complex, thus
facilitating the entry of various contaminants
into the lakes. Numerous studies have been
carried out on the Danube River, which have
shown that, in general, the water falls into class
quality II (Good) (Manoiu & Craciun, 2021).
However, a wide variety of chemical and
physical compounds have been identified
which, in certain concentrations, can have toxic
effects on the aquatic environment, such as:
nutrients (Malag6 et al., 2017; Popa et al., 2018),
gross alpha and gross beta activities (Pintilie-
Nicolov et al., 2021), heavy metals (Lazar et al.,
2024; Mindrescu et al., 2022), pharmaceutical
compounds  (Chitescu et al, 2015),
microplastics (Procop et al., 2024), pesticides
(Purisi¢-Mladenovi¢ et al., 2024), etc.

To date, studies have been conducted in the
Somova-Parches Aquatic Complex area to
evaluate the quality of aquatic ecosystems,
considering the common parameters regulated
by Order 161/2006. Among the most frequently
analyzed compounds in this study area are heavy
metals, oxygen regime, and nutrients (Burada et
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al., 2015; Catianis et al., 2019). This study aims
to investigate, for the first time in this area, a
class of emerging pollutants represented by
pharmaceutical residues. The main pollution
sources of the Danube river with pharmaceutical
residues are conventional wastewater treatment
plants and animal farms (Kock et al., 2023;
Radovi¢ et al., 2012).

The analysis of this type of contaminants in
aquatic environments is very important, as they
can have direct toxic effects on aquatic biota and
can accumulate in biotic tissues depending on
their concentration and the physicochemical
properties of each pharmaceutical substance
(Khan et al., 2020; Rojo et al., 2021; Williams et
al., 2009). For this reason, the present research
focuses on investigating the presence of
different classes of pharmaceuticals in various
organs of the Carassius gibelio fish species
collected from the Somova-Parches Aquatic
Complex.

MATERIALS AND METHODS
To study the presence of pharmaceutical

compounds in the Somova-Parches Aquatic
Complex, four water samples were collected
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from different areas (inlet, middle and outlet) of
each lake, namely Somova, Parches, Morun,
Potica, Babele and Casla (Figure 1).

{ S ey )
1T 2 4
Scara 180000

Lakes

Figure 1. Map of the studied lakes in the Somova-
Parches Aquatic Complex

Extraction of pharmaceutical residues from
water samples was performed with a Dionex
AutoTrace 280 Thermo Scientific automated
solid phase extraction system (Figure 2).

Figure 2. Automated solid phase extraction system

To extract the target compounds from fish
tissues, the QUEChERS (Quick, Easy, Cheap,
Effective, Rugged, and Safe) technique was
used. This method involved the extraction of
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contaminants from the matrix into the solvent
acetonitrile in the presence of the following salt
mixture: 6 g anhydrous magnesium sulfate, 5 g
sodium chloride, 1.5 g disodium citrate
dihydrate, and 0.75 g trisodium citrate
sesquihydrate. To remove fats, lipids, and
pigments from the extract, a purification step
was performed using the dispersive solid-phase
extraction (d-SPE) method in the presence of
sorbent materials (PSA — primary secondary
amine, C18, and GCB — graphitized carbon)
(Figure 3).

Figure 3. QUEChERS extraction steps

The extraction step was followed by the analysis
of pharmaceutical substances from the obtained
extracts using  high-performance  liquid
chromatography coupled with high-resolution
mass spectrometry.

The following pharmaceutical compounds were
investigated in water and fish tissue samples:

metformin,  carbamazepine,  clindamycin,
ciprofloxacin, clarithromycin, trimethoprim,
sulfamethoxazole, amoxicillin, ketoprofen,

diclofenac, and caffeine. To quantify these
compounds, the internal standards were used
depending on the class of pharmaceutical

substances they belong to, as follows:
enrofloxacin for antibiotics,
dihydrocarbamazepine  for carbamazepine,

fenoprop for anti-inflammatories, phenacetin for
metformin and caffeine (Figure 4).
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Figure 4. Chromatogram of the analyzed pharmaceutical compounds

RESULTS AND DISCUSSIONS

Spatial  distribution  of pharmaceutical
compounds identified in water samples taken
from lakes in the Somova-Parches Aquatic
Complex

From all the 6 lakes studied in this paper, water
samples were taken from 4 different stations,
and the presence of different pharmaceutical
substances was investigated. Of the 11
compounds monitored in water samples, only

counts

3.0e7
2.5e7

2.0e7

caffeine and the internal standards added to the
samples for compound quantification were
identified in all sampling stations (Figure 5).
Caffeine is found in beverages, foods, and
medications that are consumed in significant
quantities worldwide. For this reason, it is
considered a significant pollutant in the class of
active pharmaceutical compounds that is found
with high frequency in the environment (Li et
al., 2020).

Carbamazepine
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4
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Figure 5. Chromatogram example of compounds in a water sample analyzed from lakes

In the lakes analyzed in the present study,
caffeine concentrations varied between 15 ng/L
and 65 ng/L. The highest values of the caffeine
compound were identified in Somova lake, the
mean concentration being 55 ng/L. The lowest
concentrations were obtained in water samples
collected from Morun lake, where a mean
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concentration of 20 ng/L was recorded. In most
lakes, slight variations in caffeine concentrations
were observed from one sampling station to
another (Figure 6). The main contamination
source of the aquatic environment with this
psychoactive compound is anthropogenic,
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generally represented by municipal wastewater
(Vieira et al., 2022).

The presence of this compound in the aquatic
environment can be explained by its pseudo-
persistent character, caused by its long half-life.
This substance also exhibits high resistance to
chemical and biological degradation in the
environment, has low volatility, and its low
octanol-water partition coefficient (log Kow = -
0.07) explains its high solubility in water
(Rodrigues et al., 2025). In the aquatic
environment, this alkaloid can have direct toxic
effects on biota and can even induce behavioral
disorders in fish at environmentally relevant
concentrations (Cerveny et al., 2022).

Caffeine

W inlet B Middle 1 Middle 2 E Outlet

Figure 6. Spatial distribution of caffeine in the Somova-
Parches Aquatic Complex lakes

The caffeine compound was also identified at
high frequency in the Danube River in the
territory of the Novi Sad, Serbia with concen-
trations varying from 3.10 to 621 ng/L (Mili¢ et
al., 2018).

On the territory of Romania, there is a limited
number of studies that have focused on the
analysis of pharmaceutical residues in the
aquatic environment.

Chitescu et al., identified the following
compounds in water samples taken from the
Danube River: sulfamethoxazole, trimethoprim,

enilconazole, carbamazepine, and tylosin.
Pharmaceutical residues such as
sulfamethoxazole, diclofenac, trimethoprim,

carbamazepine, piroxicam and ketoprofen were
quantified in the Olt, Arges and Siret tributaries.
A smaller number of pharmaceutical substances
were identified in water samples taken from the
Danube Delta, including sulfamethoxazole and
carbamazepine (Chitescu et al., 2015).

Investigation of the  pharmaceutical
compounds presence in fish specimens of the
species Carassius gibelio

The fish species Carassius gibelio is found
abundantly in the Danube River basin and is
considered the most consumed local freshwater
fish (Raita and Georgescu, 2019). To identify
the presence of pharmaceutical compounds in
the species Carassius gibelio, 3 fish specimens
were taken for analysis and extractions were
made from muscle tissue, liver tissue, gills and
eggs. Of all the investigated compounds,
caffeine was the one that was found in all the
organs analyzed from the 3 fish, with mean
values ranging from 0.77 ng/g to 2.42 ng/g
(Figure 7). Table 1 shows that the highest
average concentration of caffeine was identified
in the gills. This can be explained by the fact that
the gills are in direct contact with water and can
more easily accumulate pollutants found in the
aquatic environment (Nikoli¢ et al., 2020).
However, it can be noted that traces of caffeine
were identified even in the fish eggs analyzed in
this study.

The obtained results show that the same
compound identified in water samples from the
Somova-Parches Aquatic Complex, represented
by caffeine, accumulated also in the organs of
fish collected from the same study area.

Table 1. Concentration levels of pharmaceuticals in fish
specimens of the species Carassius gibelio — the values
are expressed as mean + standard deviation

Pharmaceutical . Mean
Fish organs .
compound analyzed concentration =+ std
identified Y (ng/g)
Muscle tissue 1.04 = 0.19
. Liver tissue 1.60 +£0.23
Caffeine Gills 2425 1.10
Eggs 0.77 £0.30

In the literature, there are laboratory studies that
monitored the behaviour and physiology of fish
exposed to caffeine and it was highlighted that,
even in relatively low concentrations, this
compound can cause liver enlargement and
anxiety of fish (Bikker et al., 2024). There are also
studies reporting accumulations of the caffeine
compound in the organs of different fish species.
For example, Wang and Gardinali reported the
presence of caffeine in the fish species Gambusia
holbrooki at a mean concentration of 1.3 ng/g
(Wang & Gardinali, 2012).
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Figure 7. Chromatogram example of compounds identified in fish tissue from the species Carassius gibelio

In the panga fish (Pterogymnus laniarus)
caffeine was detected in the intestine, liver and
gills with a concentration of 2.03 ng/g (Ojemaye
and Petrik, 2019). Caffeine was also identified
in the fish species Common Silver biddy
(Gerres oyena), Golden snapper (Lutjanus
johni), Emperor fish (Lethrinus, nebulosus),
Nile Tilapia (Oreochromis niloticus), and Milk
fish (Chanos chanos) (Ali et al., 2018).

No results have been reported in the specialized
literature  regarding the  presence  of
pharmaceutical residues in the fish species
Carassius gibelio.

CONCLUSIONS

Due to their high toxicity, it is important to
monitor the emerging contaminant class
represented by pharmaceutical compounds in all
water bodies.

The present study emphasizes that a wide
variety of pharmaceutical substances were not
found in the lakes of the Somova-Parches
Aquatic Complex. This may be due to the fact
that there are no direct sources of pollution in the
area. This may also be influenced by the low
concentrations of these compounds in the
Danube water, which may undergo various
processes of accumulation, degradation, dilution
until they reach the lakes of the Somova-Parches
Aquatic Complex.

However, the psychoactive substance caffeine
was identified in all water samples analyzed. A
possible explanation could be that it is generally
found in higher concentrations in the aquatic
environment  compared to the  other
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pharmaceutical compounds analyzed and can
therefore reach even areas far from direct
sources of pollution.

This study also highlights the ability of the
caffeine compound to accumulate in aquatic
biota. Low concentrations of caffeine were
identified in the organs of the fish analyzed from
the species Carassius gibelio.
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Abstract

PFAS are present in freshwater fish in the Danube River, posing concerns about aquatic ecosystem contamination and
adverse effects on human health. These substances also referred to as “forever chemicals” have the potential to
accumulate in the food chain and provoke several health issues, including hormonal imbalance and cancer. In this
work, the QuEChERS extraction and clean-up method combined with UHPLC-HRMS (Ultra-High-Performance Liquid
Chromatography — High-Resolution Mass Spectrometry) was applied for the determination of 18 PFAS in muscle tissue
of freshwater fish (European wels catfish — Silurus glanis). The method was validated in terms of Specificity, Linearity,
Precision (% RSD), Recovery, and Accuracy (mean spike recovery, %) at two levels of concentration: 0.1 and 5 ng.
Additionally, the study assessed the impact of matrix effects on PFAS detection in fish tissue.

Key words: Danube River, freshwater fish, mass spectrometry, PFAS, QuEChERS.

INTRODUCTION contaminated water and indirect uptake through
the consumption of contaminated sediments
Per and poly-fluoroalkyl substances (PFAS) are and feed. In time, this can lead to
a class of thousands of environmental bioaccumulation especially in vulnerable fish
contaminants that contain carbon-fluorine species tissue, causing disruption of the aquatic
bonds, known in organic chemistry as one of  ecosystem.
the strongest chemical bonds (Figure 1) (Per- The Danube River, one of the most important
and Polyfluoroalkyl Substances (PFAS) - rivers in Europe, has been exposed to
ECHA, n.d.). They have been detected in  environmental pollutants like PFAS mainly
freshwater fish from European rivers, the through agriculture, industrial processes and
contamination with these substances is mainly =~ wastewater discharges. In the Danube River
the result of bioaccumulation in aquatic food  Basin, a comprehensive study has focused on
chains (PFAS Pollution in European Waters, the occurrence and distribution of 4,777 PFAS
2024). Given the increased anthropogenic in river water, wastewater, groundwater, and
pressures on aquatic ecosystems, fish meat and  biota samples. Results revealed the presence of
fish products have been observed to accumulate 82 PFAS, with perfluorooctanoic acid (PFOA)
various contaminants, which can pose toxicity and perfluorooctanesulfonic acid (PFOS) being
risks if transferred to humans via consumption  widespread in surface water. Furthermore, the
(Panda et al., 2023). PFAS can accumulate in risk assessment led to identifying 18 PFAS of
fish via two pathways: direct uptake from environmental concern, highlighting the
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ubiquity of these substances throughout the
river basin (Ng et al., 2022). Another study
conducted in the Lower Danube River region
focused on the occurrence of PFAS in surface
water and ground water from two sites. PFAS
concentrations were mostly low with the
exception of PFOA concentrations that
exceeded 10 ng/L at one site (Obeid et al.,
2023).
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Figure 1. Chemical structure of the most studied PFAS

In the literature (Chaudhary et al., 2024), it is
found that the absorption of PFAS at the level
of biota depends on several factors that
characterize water quality, e.g. heavy metals. It
is necessary to associate studies on heavy
metals from sensitive areas (Burada et al.,
2015) with studies including statistical
processing of the results of physicochemical
determinations from surface ecosystems (Popa
et al.,, 2018) and determinations of certain
pollutants in biota.

As a consequence, regulations regarding PFAS
are increasingly strict in Europe due to growing
concern about their environmental and health
impacts. The European Union has proposed
restrictions on the use for specific PFAS under
the REACH (Registration, Evaluation,
Authorisation, and Restriction of Chemicals)
regulation (REACH Annex XVII: REACH
Restricted Substance List 2023, n.d.). In
addition, the European Chemicals Agency
(ECHA) is actively identifying and imposing
limitations for the use of PFAS substances of
high concern (Per and Polyfluoroalkyl
Substances (PFAS) - ECHA, n.d.). These
restrictions will have as an impact an increased
demand for targeted assessment of PFAS in
different environmental matrices, like water,
sediment and biota. Moreover, researchers and
environmental agencies will update their
monitoring strategies to comply with these
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regulations with focus on the most harmful and
widespread PFAS.

The aim of the present work was to develop
and validate a method for the determination of
18 PFAS in fish muscle using QuEChERS
(Quick, Easy, Cheap, Effective, Rugged and
Safe) extraction and clean-up followed by
UHPLC-HRMS (Ultra-High-Performance
Liquid Chromatography — High-Resolution
Mass Spectrometry) analysis.

MATERIALS AND METHODS

The fish tissue used in this validation study was
muscle from three different wels catfish
(Silurus glanis). The fish were purchased from
a local fisherman in the Lower Danube River
Region, Galati. 5 grams of each homogenized
tissue (wet weight) were submitted to the
QuEChERS extraction and dSPE (dispersive
solid-phase  extraction) clean-up. PFAS
compounds were extracted from the fish tissue
using acetonitrile and extraction salts (6.0 g
MgSO4 and 1.5 g Na-acetate). The resulted
extract was submitted to clean-up (150 mg
MgSO4, 50 mg Primary and Secondary
Amines) and concentrated under a gentle
nitrogen flow. All resulted extracts were stored
in polypropylene vials to prevent sample
contamination. Figure 2 depicts the general
workflow for the PFAS analysis in fish
samples. For the method validation, spiked
samples of 0.1 and 5 ng PFAS were also
prepared in triplicate using the same protocol.

The final extracts were separated on Accucore
aQ C18 (100 mm x 2.1 mm, 2.6 um) analytical
column in a gradient mode, and the mobile
phase consisted of methanol and ultrapure
water, both acidified with 0.1% formic acid.
The flow rate was 0.5 mL/min. The
temperature of the autosampler was 6°C and
the analytical column temperature was set to
45°C. Furthermore, the extracts were analysed
using a Thermo  Fisher Scientific
Chromatographic ~ System  consisting  of
Vanquish Flex Liquid Cromatograph coupled
to Orbitrap Exploris 120 Mass Spectrometer
with heated electrospray ionization (H-EST II),
operated in Full Scan at 120,000 (FWHM) at
m/z 200, negative ion mode. The mass
measurement accuracy was Sppm. The
chromatographic separation and detection were
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performed within 21 min of analysis time. All
chromatograms  were  processed  using
Chromeleon 7.3 software.

Table 1 contains a list of the target analytes;
their acronyms and chemical formula and they
are presented in their elution order. Also, the
table presents the negative monitored ion (MS
Quantitation peak) for each of the 18 PFAS.
The following validation parameters were

5 mL water

5g of sample

=)

A 3
e e B

Vortex 2 min. ‘

&~ 10mLAN 4 QUEChERS

150 uL FA,
vortex 2 min.

Re-dissolve with 500 puL
MeOH:water 96:4 (vol.:vol.)

tested according to Commission Decision
657/2002: specificity, linearity, precision,
recovery, accuracy and matrix effects (Decision
-2002/657 - EN - EUR-Lex, n.d.). The obtained
data represent a helpful tool in evaluating the
reliability of the analytical method, in particular
for low concentrations quantification of
compounds in environmental samples.

Centrifuge
5 min. at -
‘ 4000 RPM ‘

Shake 5 min. Tube with

dSPE sorbent

9

Centrifuge
‘ 5 min. at
4000 RPM

Evaporate 4 mL
‘ supernatant
under N2

UHPLC-HRMS
Qualitative Analysis

*QUEChERS Extraction Salt Kit: 6.0g MgSO, and 1.5g CH3COONa
QUEChERS dSPE Kit: 2mL Centrifuge Tube, 150mg MgSO4, 50mg

Figure 2. General targeted PFAS analysis workflow in biota samples

RESULTS AND DISCUSSIONS

The specificity of the method was investigated
by injecting standard solution and solvent (a
mixture of methanol and ultrapure water). Also,
a chromatogram of the mobile phase was
analysed. The obtained chromatograms
demonstrated the absence of interference in the
analyte elution. Figure 3 and 4 show a Total
Ion Chromatogram (TIC), respectively an
Extracted Ton Chromatogram of the PFAS
standard mixture at a concentration of
100 ng/mL.

1 Aga+ Pest Dunmrest Mix 31 PFAS 100 ngimi AF C15 TETIE

They both show a good separation of the
compounds which is an indicator for an
appropriate choice of the mobile phase,
gradient and chromatographic column.

B

‘coums

125 150 5 20 20

Figure 3. Total Ion Chromatogram of the PFAS standard
mixture at 100 ng/mL

Figure 4. Extracted Ion Chromatogram of the PFAS
standard mixture at 100 ng/mL

Linearity of the method was evaluated by
testing calibration standards of PFAS on 8§
concentration levels. These were prepared by
dilutions of the stock standard solution
prepared in 96%: 4% methanol: ultrapure water
(vol./vol.) and comprise a mixture of target
analytes in a calibration range of 0.5-
100 ng/mL for most analytes, except for
HFPO-DA (5-100 ng/mL).
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The coefficient of determination was R*>0.995,
which complies with the acceptance criteria
(Table 2). This indicates a strong linear
relationship between the measured
concentration and expected concentration in the
method used for analysis.

Precision was measured as %Relative Standard
Deviation. Higher RSD values indicate lower
precision, while lower values suggest less
variability in measurements. 2 levels of spike
were tested: 0.1 and 5 ng. The analysis was
performed in triplicate for each spike level.
Results for most compounds were reasonably
low, especially for the 0.1ng spike. Precision
values range from about 2.74% to 18.62% for
different compounds and are below 20%.
(Tabel 2). For example, PFBS at the 0.1 ng
spike has an RSD of 8.14% and at the 5 ng
spike of 8.13%, which indicates that the
measurements are consistent. Some compounds
like PFOS have a relatively low % RSD of 3.11
at 5 ng, indicating good precision, while others
like HFPO-DA have higher % RSD values of

18.06 at 0.1 ng, which suggests poorer
precision in the measurements at lower
concentrations.

Recovery represents a measure of the analytical
method efficiency in detecting the spiked
compound and it is the measured concentration
compared to the spiked concentration,
expressed as a percentage. The recovery for
some compounds at the 0.1 ng spike is lower
than ideal (100%). For example, PFH x A has a
recovery of 66.53% at the 0.1 ng spike,
suggesting that the method may not be as
efficient at detecting lower concentrations.
Many compounds (e.g., PFHpA, PFDA,
NMeFOSAA) have recoveries slightly lower
than 100% at the 5 ng spike, which indicates
that the method has good efficiency at higher
concentrations.

Accuracy, measured as mean spike recovery %,
shows how close a result is to the true value.
The obtained results are presented in Table 2.
% RSD of the % recovery was within a range
of 1.97 to 16.15%.

Table 1. Targeted analytes list

Chemical formula

Retention Time, min MS quantitation peal

Compound name Acronym
Perfluoro-1-butanesulfonic Acid PFBS
Perfluorohexanoic Acid PFHxA
Undecafluoro-2-methyl-3-oxahexanoic Acid =~ HFPO-DA
Perfluoroheptanoic Acid PFHpA
Perfluorohexanesulfonic Acid PFHxS
2,2,3-trifluoro-3-[1,1,2,2,3,3-hexafluoro-3
(trifluoromethoxy) propoxy] propanoic Acid ADONA
Pgntadecaﬂuomoctanmc Acid Hydrate, PFOA
Linear

9-chlorohexadecafluoro-3-oxanone-1-

sulfonic Acid, K Salt Unlabeled As Free PFNA

Acid

Perfluorooctanesulfonic Acid PFOS
Perfluorononanoic Acid 9CI-PF30ONS
Perfluorodecanoic Acid PFDA
Potassium 11-chloroeicosafluoro-3-
oxaundecane-1-sulfonate As Free Acid PFUnA
N»tpethyl Perfluorooctanesulfonamidoacetic 11CI-PF30UdS
Acid

Perfluoroundecanoic Acid NMeFOSAA
N-§thyl Perfluorooctanesulfonamidoacetic PFDoA

Acid

Perfluorododecanoic Acid NEtFOSAA
Perfluorotridecanoic Acid PFTrDA
Perfluorotetradecanoic Acid PFTA

C4HF9038 372 298.94300
C6HF1102 5.59 268.98370
C5HF110 6.17 284.97790
CTHF1302 7.34 318.97849
C6HF1303S 747 398.93660
C7H2F1204 7.59 376.96890
C8HF1502 8.59 412.96640
C9HF1702 9.63 462.96320
C8HF1703S 9.63 498.93020
C8HCIF1604S 10.11 530.89510
CI0HF1902 10.50 512.96000
C11HF2102 11.24 562.95680
CI0HCIF2004S 11.55 630.88920
CI11H6F17N0O4S 11.85 569.96730
CI12HF2302 11.90 612.95370
CI2H8F17N0O4S 12.21 583.98300
CI3HF2502 12.47 662.95050
C14HF2702 12.97 712.94730
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Table 2. Method validation results for the target PFAS evaluated in wels catfish muscle

Compound name Coeff. 9f . Precision (%eRSD)
determination | gpike 0.1 ng Spike 5 ng
PFBS 0.9993 8.14 4.16
PFHxA 0.9989 10.45 7.81
HFPO-DA 0.9951 18.06 12.19
PFHpA 0.9991 9.93 15.49
PFHxS 0.9991 5.63 16.16
ADONA 0.9989 11.66 15.71
PFOA 0.9986 6.74 9.26
PFNA 0.9989 6.66 5.18
PFOS 0.9991 18.62 14.12
9CI-PF30ONS 0.9975 6.55 2.74
PFDA 0.9993 16.10 7.73
PFUnA 0.9990 7.99 6.57
11CI-PF30UdS 0.9979 7.68 2.86
NMeFOSAA 0.9984 15.06 6.71
PFDoA 0.9992 16.34 12.50
NEtFOSAA 0.9982 10.07 5.88
PFTrDA 0.9992 16.07 7.14
PFTA 0.9992 4.79 7.67

Matrix effects were significantly reduced by
the Orbitrap 120 Mass Spectrometer due to its
high resolution, sensitivity, and accurate mass
measurements, along with its ability to
optimize ionization conditions, whereas in
traditional quadrupole MS, matrix effects can
lead to ion suppression or enhancement,
causing inaccurate quantification and reduced
sensitivity due to interference from co-cluting
compounds in the sample. Therefore, the
proposed  method is  well-suited for
environmental testing, such as analysing fish
extracts for contaminants.

The carryover effect was evaluated by injecting
two solvent blanks right after the analysis of
the highest calibration standard concentration.
There was no carryover effect observed.

CONCLUSIONS

An optimized analytical method based on
QuEChERS extraction and UHPLC-HRMS
analysis of PFAS was successfully validated.
However, there are some limitations to this
method. While it demonstrates high sensitivity
and specificity, it may not detect all PFAS,
particularly those with low ionization. Future
research could focus on expanding its scope by
refining extraction protocols or incorporating
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Recovery (%)

Spike 0.1 ng RSD, % Spike 5 ng RSD, %
7175 8.13 97.48 4.16
66.53 10.43 92.53 7.80
77.89 12.06 87.13 9.19
82.26 9.92 10219 15.48
7227 5.62 78.82 16.15
89.84 11.66 98.58 15.71
118.55 5.92 13521 8.71
113.47 5.84 12743 4.86
89.23 311 87.78 7.44
68.13 6.55 78.76 2.74
92.82 7.48 119.43 5.01
115.82 441 13170 491
67.96 7.68 8136 2.86
124.60 14.67 110.64 6.65
102.55 3.11 12871 197
98.83 10.07 131.55 5.88
127.79 8.21 121.02 4.89
103.74 3.54 128.05 6.62

complementary extraction techniques.

Additionally, further validation on a broader
range of environmental matrices would also be
valuable for improving the method’s practical
applications in monitoring PFAS
contamination.

The proposed method is highly suitable for the
accurate quantification of PFAS in biota
samples, offering accurate measurement of
these contaminants in fish. This makes it an
effective tool for environmental monitoring,
risk assessment, and studies on the
bioaccumulation and potential health impacts
of PFAS exposure in ecosystems and human
populations. PFAS determinations in biota are
part of the quality indicators for surface aquatic
ecosystems and must be included in integrative
systems such as the Water Quality Index
(Iticescu et al., 2016) due to their persistence,
bioaccumulation potential, and widespread
distribution in aquatic ecosystems. This will
give a correct global picture of the interactions
between the different pollutants in complex
systems such as the Danube.
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Abstract

The ecological reconstruction of degraded lands was based on the predominant use of pine species (Pinus nigra and
Pinus sylvestris), resulting in pure stands or sometimes mixed with deciduous trees, with a fragile structure, prone to
damage. The research was carried out during 2023-2024, in 18 research areas located on degraded lands in the Viancea
area, in stands of different ages with the aim of the knowledge of compositional and structural indicators that reflect the
intensity of competitive processes. The results indicate a pronounced predisposition to disturbances in pure young stands,
with a high level of compositional homogeneity and relative abundances of Scots pine. The relationship between the
structural diversity index (Gini) and the coefficient of variation allowed the determination of the structure type of the
stand, the correlation coefficient being significant (r=0.9923). Research has shown that mixed stands are more
structurally stable than pure stands, promoting mixed species being essential in increasing the resistance of stands. The
results are useful for decision-makers, the goal being to create stands with structures resistant to the action of damaging
factors.

Key words: structural and compositional diversity, pine species, degraded lands.

INTRODUCTION addressing the influence on the environment and
climate (Ruiz-Benito et al., 2017). Other studies
Forest biodiversity is closely correlated with the highlight that the role of biodiversity tends to be
diversified horizontal and vertical structures of ~ stronger in harsher climates (arid or boreal
the component stands, and the so-called lands) (Ratcliffe et al., 2017).
silviculture (silvotechnics) close to nature is  Because both productivity and biodiversity
largely based on  observations  and depend on a wide range of factors, controlled or
measurements carried out either in strict not by forest management, the scientific
research plots located in the improvement  hypotheses of various researchers have mostly
perimeters, in the case of degraded stands or in supported the role of forests in capturing and
forests affected by disasters (natural disasters storing carbon but also as shelters for the
due to climatic factors, anthropogenic protection of biodiversity (Bodin & Wiman,
degradation, etc.) (Seidl, 2017). 2007). An important challenge for forest
Global-scale studies highlight a consistent = management and conservation is to achieve an
positive relationship between tree species appropriate balance between biodiversity and
diversity and productivity, using tree species aboveground biomass in order to support forest
richness as a proxy for biodiversity, as managers and decision-makers in developing
taxonomic diversity is considered to incorporate sustainable management plans in relation to the
other traits, such as those of a functional, intended purpose (e.g. conservation, increasing
phylogenetic, or genomic nature (Liang et al., forest resilience, and so on) (Silva et al., 2017).
2016). Studies from North America and Europe Within stands on degraded lands, their evolution
also indicate a positive relationship between over time is influenced by harmful abiotic and
species richness and tree productivity, while biotic factors, which destabilize the structure of
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the stands and endanger the dynamic balance
(Giurgiu, 2004). The ecological reconstruction
of degraded lands was achieved through
repeated afforestation interventions and the
predominant use of pine species (Pinus nigra
and Pinus sylvestris), resulting in stands with a
fragile structure, prone to damage, in which
there is a risk of diminishing eco-protective
functions. (Constandache et al., 2015). The
installation of protective forestry crops is made
difficult in most situations due to difficult
environmental conditions, consisting of lands
affected by complex degradation processes,
which requires the use of special techniques for
arranging/consolidating the respective lands.
(Constandache & Nistor, 2008).

The role of forestry crops established through
ecological reconstruction consists of limiting
surface erosion, increasing infiltration, and
improving internal drainage (Sandu et al., 2015),
soil improvement and so on. Protective forest
crops installed on degraded lands, consisting of
pine species, associated with various deciduous
species (sycamore, ash, cherry, alder, oak, sea
buckthorn, and so on) have demonstrated their
hydrological and anti-erosional efficiency, but
also their increased resistance to the action of
disturbing factors. Many stands are affected by
drying, breakage, and so on, due to climate
change on the one hand (Vlad et al., 2019), or
improper application of silvicultural operations
on the other hand (Nistor & Constandache,
2013).

The specific conditions in which each stand
develops show that it is necessary to abandon the
application of rigid, template measures at stand
level. To this end, it is necessary to know the
inter- and intraspecific relationships that are
established between trees, more precisely,
specific indicators, estimators and descriptors of
the structure of stands (Ciubotaru & Paun,
2014). These parameters can constitute the basic
elements for creating models of stands structures
appropriate to environmental conditions, stable
and resistant to the action of harmful factors,
which can properly fulfill their protective
functions (Cristinel et al., 2024).

The research conducted aimed to determine
indicators of compositional and structural
diversity of stands on degraded lands. These
indicators, expressed in measurable/evaluable
and comparable units, are necessary to ensure
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sustainable management of forestry ecosystems
installed on degraded lands. The results were
obtained based on research on monitoring stands
on degraded lands carried out in the period
2023-2024.

MATERIALS AND METHODS

The research was carried out in permanent
research plots (SEP), located in representative
situations of stands on degraded lands in three
experimental perimeters in the Vrancea area
(Figure 1):

Caciu-Barsesti (CB), Paraul Sarat-Valea Sarii
(PS) and Rosoiu-Andreiasu (RA), located from
a phytoclimatic point of view in the hilly storey
of sessile oak, beech and sessile oak-beech
codified as FDs3.

Covasnaé' 7

Z»

Figure 1. Location of the study (marked on the map with
red dots). Source: www.wikipedia.org

The research consisted in observations,
measurements, field data collection, processing
and interpretation. The working methodology
consisted of applying empirical equations to
determine compositional and structural diversity
indices at the stand level (Giurgiu & Draghiciu,
2004; Ciubotaru & Paun, 2014).

In the first stage, to determine the indexes, it was
necessary to collect raw field data that include
the dimensional characteristics of the trees,
which enter into the empirical equations,
namely: compositional diversity indices:
Shannon index (H), compositional diversity
index (A), equity index (Pielou) (E), Simpson
index (D); structural diversity indices: Camino
index (C), Gini index (G), density index (Id),
density index (IG).
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The Shannon diversity index (H) measures the
diversity of species within a stand.

The compositional diversity index (4) is an
indicator of biodiversity, based on the relative
abundance of species in a stand (Jachne &
Dohrenbusch, 1997).

The Pielou-Equity index (E). Evenness (E)
shows the relationships between the abundances
of species or categories of species. In the case of
similar relative abundances, the equity will have
a unitary value, and if most observations belong
to a single category, it tends to value zero.
Equity represents a form of standardization of
the Shannon index, as the ratio between
observed diversity and maximum diversity
(Pielou, 1969; Lexerod & Eid, 20006).

The Simpson index (D) expresses the probability
that two observations drawn at random from the
analyzed perimeter belong to the same category.
It is strongly influenced by the abundance of
categories and little sensitive to the number of
categories (Simpson, 1949).

The analysis of the type of structure and
homogeneity of pine stands on degraded lands
was carried out using the Camino and Gini
indices, which have as their scientific basis the
variability of experimental values on Lorenz
curves. The indices were calculated using the
Gini-Lorenz statistical application (Popa, 1999),
implemented through Microsoft Excel. The
Camino index shows the trend of structural
diversification over time, even for even-aged
stands. Research has shown that homogeneity
provides information on the type and intensity
of interventions in stands: if extractions are
performed in the upper storey, homogeneity is
reduced, while interventions in the middle and
lower storey increase homogeneity (Cenusa et
al., 2002).

The Gini index (G) determined according to the
basal area is calculated as the ratio between the
area determined by the Lorenz curve and the
reference line on the one hand and the area of
the triangle formed by the reference line with the
abscissa and the parallel to the ordinate through
the intersection point between the Lorenz curve
and the reference line, on the other hand
(Katholnig, 2012; Duduman, 2011). Gini
coefficient values range between 0 and 1, with a
value of 1 indicating maximum biodiversity or
maximum heterogeneity (Roibu, 2010).
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The density index (Id) expresses the ratio
between the actual number of trees per unit area
and the optimal number of trees according to the
production tables (Giurgiu & Draghiciu, 2004)
in relation to the species and production class.
The density index (GI), also called the basal area
index or area index (Radulescu, 1956), is
calculated as the ratio between the actual basal
area per hectare and that in the production
tables, considered normal for a stand in
conditions similar to the one analyzed. The
analysis of the relationships between the
dimensional variables was carried out based on
modelling the linear regression equations of the
form y =a-x+ b, where y is the analyzed
parameter, Xx-the considered independent
variable; a, b- the coefficients of the regression
equation. The significance testing of the Pearson
r-correlation coefficient was performed at a
coverage probability of 95% (a=5%).

RESULTS AND DISCUSSIONS

The trees on the degraded lands (strongly to very
strongly eroded and ravined in the analyzed
perimeters, are mostly made up of a mixture of
Scots pine and black pine (Figure 2), sometimes
mixed with deciduous species, with an age
between 42 and 69 years (Table 1).

Figure 2. Scots pine grove mixed with black pine,
on very heavily eroded land
(SEP 11, Caciu-Barsesti perimeter)

Analysis of compositional diversity indices
Information on the characteristics of the current
structure of stands is provided by the Shannon
index (H).
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The H-index is an index of diversity and takes
into account species richness and evenness of
species distribution (E) (Shannon, 1948), so its
value increases with the number of species. At
the experimental plot level, calculated in
relation to the frequencies of individuals and
species (for the tree layer) it is between 0.32 (PS
9) and 1.03 (PS 1). These values, compared to
the maximum value that can be reached in each
sample area (In(k) - where k is the abundance of
species), signal a high level of compositional
homogeneity, the ratio being between 29.13 and

93.75%, this aspect indicating that the
differences between the relative frequencies of
species in the composition of each stand are
relatively small. The most diverse structures are
found in mixtures of pine with deciduous trees
where this index shows higher values (Table 1).
The compositional diversity (A) at the
experimental surface level is between 1.25 (PS
9) and 2.30 (CB 11). The values within this
range are mainly determined by the maximum
relative abundance of the main species in the
stand composition.

Table 1. Indicators of structural and compositional diversity
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The relative abundance of a species represents
the proportion between the number and/or
biomass of individuals (specimens) of a species
in relation to the other species, at a given time.
Abundance can be expressed both by the
number of individuals and by their biomass, in
order to obtain undistorted information regarding
the structure of the biocenosis (Sava, 2012).
Evenness (E) ranges between 0.23 (CB 9) and
0.85 (CB 10), indicating that most stands exhibit
maximum relative abundances belonging to a
single category. For example, in the case of the
stand in the Caciu-Barsesti perimeter, SEP &
(CB 8), Scots pine has maximum relative
abundance, the value being close to 0 (zero).
The values tend towards the unitary value when
there is similarity between the relative
abundances. In the case of the stand in CB 10,
the similarity is reflected by the close relative
abundances of the two pine species (Scots pine
and black pine) in the composition.

The Simpson index (D) expresses the probability
that two observations randomly drawn from the
analyzed surfaces belong to the same category.
It ranges between 0.37 (PS 1) and 0.85 (PS 9).
Given that the stands are predominantly made
up of main species (Scots pine and black pine),
there is a high probability that two extracted
observations belong to these species, being
correlated with their abundance.

Analysis of structural diversity indices

In the case of younger stands less than 50 years
old (Caciu-Birsesti perimeter), the Camino
index (C) has values ranging from 2.90 (CB 6)
to 6.47 (CB 11), which indicates that most of the
analyzed stands have an even-aged structure
(Figure 4). The exception is the stand in CB 10,
where the structure is relatively even aged, and
the stands in CB 6 and CB 13, where the
structure is relatively plurien.

The types of structure reflected by the Gini index
(G) are similar. This indicator ranges between
0.25 (CB 5) and 0.46 (CB 6) and additionally
indicates the homogeneity of the structures
based on the distributions of the Lorenz curves
(Figure 3 a, b). The Gini index was determined
separately for each species (Table 2). This
results in bimodal structures, with the Gini index
ranging from 0.17 (CB 9) to 0.36 (CB 12) for
Scots pine, and from 0.22 (CB 8) to 0.48 (CB
12) for Scots pine. The closer the Gini index
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values are to the straight line, the more
homogeneous the structures are (Gini tends to
take the value 0 in this case).
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Figure 3. Lorenz curves generated by the Gini index
and structural homogeneity analysis after Camino
(a-CBI1;b-PSI)

The density indexes (ID and IG) (Table 1) reflect
the horizontal structure of the stands.

The density index according to the number of
trees (Id) is between 0.71 (CB 13) and 2.22 (CB
5), being determined by the actual number of
trees per hectare, as well as by the proportion of
species in the composition of the stand and the
production class. Values lower than 1 indicate a
lower number of trees than normal. These
indices correspond to a minimum real number of
800 trees per hectare (Id = 0.71), respectively a
maximum real number of 3127 trees per hectare
(Id = 2.22 which represents a real number of
trees, 2.22 times higher than the normal
number), the explanation being the dense
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planting scheme but also the failure to carry out
silvitechnical works.

The density index according to basal area (IG)
is between 0.71 (CB 7) and 1.90 (CB 5) and
expresses the quality of the stands in relation to
the development of their horizontal structure.
The basal area expressed per hectare is between

23.30 and 60.37 m? (Table 1) indicating a very
high variability, especially within stands with a
relatively multi-year structure, where the
coefficients of variation for the diameter
characteristic show high values (CV > 30%)
(Figure 4).

Table 2. Structure types according to Camino and Gini indices for young stands predominantly
composed of main pine species in the Caciu-Barsesti PA (CB)

SEP 3 4 5 6 7 8 9 10 11 12 13
DEG R R E; E; E, E; E; E; Es E; E;
(C)-total 4.485 4.259 6.445 2.900 4.992 5.554 4.488 4.070  6.465 4.810 3.420

((le)- 4.075 4.336 6.893 2.770 5.389 5.372 7.809 3.895 6.300 6.358 4.120
(C)-Pin_ 12.260 4.259 6.422 3.343 3.209  17.823  4.102 3.131 6919 2440 2.460
(G)-total  0.277 0.298 0.252 0.455 0.319 0.333 0.280 0.340 0.318 0.335 0410

(G)-Pi 0.267 0.305 0.225 0.357 0.295 0.334 0.172 0.304 0.285 0.268  0.330

(G)-Pin  0.261 0.288 0.267 0.430 0.369 0.223 0.307 0.362 0.322 0.484 0.450

Structure

type after E E E RP E E E RE E E RP
C

Structure

type after E E E RP E E E RE E E RP
G

Symbols: PA - improvement perimeter; SEP - permanent experimental area; DEG - form and intensity of degradation; R - ravine; E3 - very strong
erosion; (C) - Camino index; (G) - Gini index; Pi - Scots pine; Pi.n - black pine; Structure type: E = even aged trees; RP = relatively pluriennial;

RE = relatively even
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Figure 4. Pearson's r-correlation between the Gini
homogeneity index and the coefficients of variation (%)

In the case of older stands (62-69 years old), the
Camino index (C) per total stand has values
between 2.72 (RA 4) and 4.75 (PS 9), which
indicates that most of the analyzed stands
present different structures (from even-aged to
relatively multi-aged) determined both by the
growth conditions and by the action of
damaging factors (Figure 5).

The types of structure reflected by the Gini
index (G) are similar. This indicator ranges
between 0.23 (RA 10) and 0.37 (RA 4). The Gini
index determined separately by species indicates
bimodal structures, with values ranging between
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0.08 (PS 9) and 0.31 (RA 9) for Scots pine,
respectively between 0.27 (PS 9) and 0.44 (RA
4) for Scots pine.

The closer the Gini index values are to the
straight line, the more homogeneous the
structures are (the Gini index tends to take the
value 0. In this case, populations formed mainly
by Scots pine are more homogeneous than those
made up of'its competitor, the black pine (Figure
3a,b).

The density index according to the number of
trees (Id) and the density index according to the
basal area (IG) reflect the horizontal structure
of the stands. The density index (Id) has ranges
between 0.51 (RA 10) and 1.66 (PS 9). In
general, the density of older stands is lower,
compared to young ones, the thinning being
caused, in most cases, by damage caused by
wind and snow at the age of 30-40 years,
sometimes by drying but also by natural
elimination, etc. These indices correspond to a
minimum real number of 470 trees per hectare,
respectively a maximum real number of 1515
trees per hectare. The higher values of the
density index (over-unit) in older stands are the
result of the use of small planting schemes (1.0-
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1.5 x 1.0 m), the high participation proportion of
pine trees (over 90%) but also the failure to carry
out silvitechnical works.

The density index (IG) is between 0.66 (RA 10)
and 2.29 (PS 9), corresponding to the basal area
per hectare, between 26.78 and 81.40 me.

These values indicate a reduced variability of
stands with even and relatively even structure,
where the coefficients of variation for the
diameter characteristic show values below 30%
(Figure 5).
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Figure 5. Pearson's r-correlation between the Gini
homogeneity index and the coefficients of variation (%)

CONCLUSIONS

The structural and qualitative assessment of
stands on degraded lands in the context of
climate scenarios provides useful scientific
information for the monitoring and sustainable
management of forestry ecosystems on
degraded lands.

By applying specific data processing methods,
indices/parameters regarding the state and
structure of stands were obtained. These
parameters reflect the intensity of physiological
and competitive processes at the tree and stand

level (growth, natural pruning, natural
elimination, regeneration and so on), having
different variability in relation to the

composition (component species) and age of the
stands, the environmental conditions (form and
intensity of degradation) but also to the damage
caused by harmful abiotic factors. By the
exercise of a optimal functional efficiency
throughout their entire evolution period, stands
installed on degraded lands require careful
supervision and intervention with specific
silvotechnical works in relation to their
condition, stage of evolution, component
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species and environmental conditions in which
they evolve.

From the point of view of the Shannon
compositional diversity index, the analyzed
stands present a high level of compositional
homogeneity. This aspect derives from the
relatively small differences between the relative
frequencies of species in the compositions of
each stand.

From the point of view of the Gini structural
index (G), most of the stands, especially the
youngest ones, present an even structure in
terms of the distribution of the number of trees
and the basal area by diameter classes. The
homogeneity of stands is more pronounced
especially in stands where the relative
abundance of a species (especially Scots pine) is
maximum. The exception is made by the older
stands with a higher proportion of mixed species
(deciduous), where the variability of diameters
is high, even if the specimens correspond to the
same age class, being determined by
competitive and natural elimination processes.
The structure of stands can be easily identified
if the coefficients of variation of the actual basal
diameters of trees in a population and the Gini
index of the respective population are known.
From the Gini-coefficient of variation
relationship, the correlation coefficients r was
obtained, which indicate a high level of
significance at a 95% coverage probability, the
correlative links being direct and positive for the
analyzed cases.

The density indices (Id and 1G), determined by
the actual number of trees and the basal area
per hectare, capture the horizontal structure of
the studied stands. In younger stands, due to the
relatively high number of real trees per hectare
and the active development of growth in the
basal diameter of the trees, the two indicators
present values above unity. In older stands,
thinned as a result of damage caused by wind
and/or snow, the same indicators present values
below unity.

Considering the aforementioned conclusions,
the following recommendations can be drawn:
1) Sustainable management of forest ecosystems
on degraded lands is ensured by knowing the
variability of structural and compositional
diversity indices of stands.

2) Planning silvicultural works, based on these
indicators, establishes urgent measures to
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regulate the homogeneity of stands in order to
create optimal and stable structures necessary
to ensure resistance to the action of damaging
factors.
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Abstract

The participation of the National Network for the Seismic Monitoring and Protection of Building Stock (RNMPSPC) at
NIRD URBAN-INCERC in EPOS ERIC, the pan-European Research Infrastructure for Solid Earth Science, requires a
rigorous framework for ensuring high-quality seismic data. This paper presents key criteria for seismic data quality
assurance and their implementation within RNMPSPC, which operates a strong-motion network of 64 stations across
Romania. We detail modern methodologies for seismic data acquisition, processing, and validation, emphasizing
compliance with international standards. The practical application of these methods is illustrated using records from a
recent ML 5.4 earthquake in the Vrancea seismogenic zone. The study highlights ongoing improvements in equipment,
software integration, and data management to enhance the accuracy and reliability of ground motion records. These
advancements support seismic hazard assessment and structural safety, reinforcing Romania’s contribution to global
seismological research.

Key words: seismic data, quality assurance, seismic network, Romania, research infrastructure.

INTRODUCTION most of the Earth’s surface and, given the

advancements of sensor technology, not only
Seismic monitoring is a key activity in  provide data on ground motions and issue
informing pre-earthquake seismic hazard earthquake early warnings, but they are also
assessments, rapid identification of seismic  used in tsunami warning systems (Tripathy-
damage in instrumented buildings and assisting ~ Lang & Bohon, 2022a). Strong-motion
post-earthquake decision making. From a  networks, equipped with accelerographs and
broader perspective, data acquired from developed from the need of recording
recording ground motions and the response of  potentially damaging ground motions, were first
buildings to these actions provide an essential installed in the early 1930s, in the United States
basis for advancing earthquake engineering (USGS, 2025). Gradually, more and more
science. Seismic networks have already a long countries deployed their own strong-motion
history, dating from the late 1800s, when the = networks. At  present, thousands of
British geologist, engineer and seismologist accelerographs are deployed all over the world.
John Milne deployed the first international In Romania, the first seismographic station was
network of seismograph stations, consisting  installed in 1895, on Filaret Hill in Bucharest, by
eventually of 30 instruments that recorded  the physicist, astronomer and meteorologist
ground motion on photographic paper (ISC, Stefan Hepites (INFP Archive, 2025). The first
2018; Tripathy-Lang & Bohon, 2022a). strong-motion network in Romania was
Nowadays, seismographic networks maintained established in 1967 by the National Institute for
by organizations from various countries cover  Building Research, INCERC. Starting from
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2009, INCERC is part of the National Institute
for Research and Development in Constructions,
Urbanism and Sustainable Spatial Development
- URBAN-INCERC. This seismic network has
been in continuous operation since its
establishment and provides ground motion
records, as well as data from the monitoring of
instrumented buildings. A history of the
evolution of strong-motion networks in
Romania is provided in (Craifaleanu et al.,
2010).

At present, the strong-motion network of
URBAN-INCERC consists of 64 digital
accelerometers, located according to the main
seismicity patterns of the country. Of these, 31
are Kinemetrics (U.S.) instruments and 33 are
from GeoSIG (Switzerland), almost 80% being
permanently connected online to the Data
Center of the seismic network, by using
transmission lines from the Romanian Special
Telecommunications Service (STS) and from
local GSM operators. The URBAN-INCERC
seismic network is the central infrastructure of
the National Network for the Seismic
Monitoring and Protection of Building Stock
(RNMPSPC), established in 2017, and which
also includes components for experimental
testing of building materials, elements and
structures. In 2023, in recognition of its
importance for a seismic country like Romania,
RNMPSPC was granted the status of
Infrastructure / Special Objective of National
Interest (I.O.S.LN.), which entitled it for
receiving, from the Romanian Ministry of
Education and Research, annual funding for
maintenance, operation and exploitation.

Given its long existence, the seismic network of
URBAN-INCERC has developed, over the
years, durable relations with  several
universities, academic  institutions  and
organizations in Romania and abroad. One of
the most significant is collaboration, based on
complementarity, with the National Research
and Development Institute for Earth Physics,
INCDFP, which also owns and operates a large
national seismic network, with a focus on
seismology. With worldwide recognition in its
field, INCDFP is a member of the European
Research Infrastructure Consortium EPOS
(European Plate Observing System,
https://www.epos-eu.org/epos-eric, the pan-
European Research Infrastructure for Solid
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Earth Science), coordinating its Romanian
branch, EPOS-RO (https://epos-ro.infp.ro/).
EPOS ERIC has currently 19 member countries,
and one country, Germany, participating as an
observer. The Romanian branch, EPOS-RO,
includes five research and development
institutes and two universities.

At present, RNMPSPC provides seismic data to
the EIDA node (www.orfeus-eu.org/eida) of
INCDFP, which is directly connected to the
EPOS data portal. The number of connected
stations is expected to increase progressively.
Participation in the EPOS Consortium, as well

as the need for providing accurate and
standardized  seismic  data, imply, for
RNMPSPC,  conforming  with  several

requirements, such as hardware and software
performance, compatibility = with  similar
worldwide infrastructures, rigorous procedures
for seismic data recording, processing and
archiving, connectivity with the EPOS data
portal, and a structured management of the
entire infrastructure. The actions conducted
recently in this respect are presented below, with
a particular focus on those dedicated to the
quality assurance of seismic data. Additional
insights into ongoing research and development
activities at RNMPSPC can be found in
(Dragomir et al., 2023; Marmureanu et al.,
2021).

MATERIALS AND METHODS

In recent years, numerous studies have focused
on quality assurance in seismic data, driven by
the growing importance of global seismological
networks, the interconnection of earthquake
monitoring infrastructures, and the increasing
demand for high-quality ground motion data.
These advancements are essential for
seismology, earthquake engineering, and global
seismic hazard assessment.

With the advancement of ground motion sensor
technology and the automation of recorded data
processing, even though human involvement has
remained a necessity, the search for
methodologies adapted to the automatic
screening and quality verification of large
amounts of data gained significant momentum.
A review of common data processing techniques
has revealed several aspects that can lead to
distortions or unrealistic features in the
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processed signal. Several key studies (Douglas,
2003; Boore & Bommer, 2005; Akkar &
Bommer, 2006; Akkar & Boore, 2009; Casey et
al., 2018; Ravizza et al., 2019; 2021; Di Giulio
et al.,, 2021) have identified critical issues in
seismic data processing and proposed best
practices to mitigate these errors. More recently,
modern technologies such as machine learning
and advanced signal processing techniques have
been integrated to assist in the large-scale
processing of seismic data (Bellagamba, 2019).
Many of the findings of these studies were
implemented within complex projects aimed at
creating reference ground motion databases and
leveraging international collaboration in the
field, like RESORCE (https://www.resorce-
portal.eu/; Akkar et al, 2013), NERA (Luzi et al.,
2016) or SERA (http://www.sera-
eu.org/en/home/index.html; Crowley et al.,
2018). One of the most significant achievements
in the field of seismic data infrastructures is

ORFEUS  (Observatories and  Research
Facilities  for ~ European  Seismology),
(https://www.orfeus-eu.org/), the European

Infrastructure for seismic waveform data in
EPOS. The EIDA data centres connect twelve
European data archives, totalling 450 TB of data
from almost 300 seismic networks (11000
seismic stations) (Strollo et al., 2021). Within
EPOS, seismic data quality assurance is
considered an essential prerequisite, covering all
steps of the data recording, processing,
archiving and distribution. The EIDA nodes and
the associated seismological observatories are
responsible for implementing their own
procedures of data and metadata quality control,
complying at the same time with the best
international standards and practices (ORFEUS
documentation, 2023; Schaeffer et al., 2024).
To comply with the requirements coming from
the participation of RNMPSPC in the EPOS-
RO/ EPOS ERIC consortium, several actions
were taken in the recent period, as presented in
the following. These actions are in line with the
requirements of the ORFEUS Quality
Assurance (QA) documentation (ORFEUS,
2023).
1. Extending and upgrading the infrastructure
a) The seismic network was extended with
new stations and accelerometers in existing
stations are being gradually replaced with state-

135

of-the-art equipment, with superior capabilities.
The accelerometers used in the network come
from  worldwide trusted  manufacturers
(Kinemetrics, GeoSIG). Best practices are
followed for the placement of accelerometers,
typically in small buildings, with low influence
on recorded signal. For instrumented buildings,
at least two sensors are placed (bottom and top
of the building), accompanied, when possible,
by a free-field type station, following the
COSMOS Guidelines (COSMOS, 2001). It
should be noted that instrument deployment
must be first agreed with the owner of the space,
which induces some restrictions on location
selection.

b) Starting from 2023, the year when
RNMPSPC received the status of Special
Installation/Objective  of National Interest
(IOSIN), funding for maintenance and
reparation of existing equipment, as well as
retrofitting of the spaces of the Data Centre is
provided, in a large measure, by the Executive
Unit for Financing Higher Education, Research,
Development and Innovation (UEFISCDI),
within the Programme “Research
Infrastructures”, PN-IV-P5.5-I0SIN-1. Figure 1
shows the newly retrofited RNMPSPC Data
Centre.

¢) Most of the data transmission equipment
is installed and maintained by the Romanian
Special Telecommunication Service. For some
additional seismic stations, data transmission is
made over GMS lines. All communication
channels are functional 24/7 and potential issues
are promptly addressed by the providers.

d) The SeisComP (https://www.gempa.
de/products/seiscomp/) seismological software
for data acquisition, processing, distribution and
interactive analysis was implemented at the
RNMPSPC Data Centre in Bucharest, starting
from 2021. SeisComP wuses the SeedLink
protocol for communication, a protocol which
today practically represents a worldwide
standard. With the upgrading of ground motion
recording and telecommunication equipment,
RNMPSPC stations are gradually connected to
SeisComP and to the EIDA node of EPOS. In
addition, the sigma module (gempa GmbH) is
used for advanced data processing, mapping,
visualisation and interpretation.
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Figure 1. The RNMPSPC Data Centre, with real-time monitoring of seismic activity

2. Seismic data and station metadata curation,
storage, archival and dissemination

a) A key condition for data quality
assurance is the rigorous specification of station
metadata, which ensures accurate interpretation
of recorded data. The configuration of stations
connected to the SeisComP system was done
providing detailed specifications of digitizer and
sensor characteristics, locations and
orientations. The IRIS DMC Library of Nominal
Responses for Seismic Instruments was used, as
available in the Station Management Portal
created by gempa (https://smp.gempa.de/). The
information already available in the seismic
station database maintained at the RNMPSPC
Data Centre was also used, for all stations. The
upgrading and extension of the seismic network
were done concomitantly with the upgrading
and revision of both databases.

b) The recorded seismic data is stored on
NAS (Network-Attached Storage) units and
backed-up on a regular basis. In addition, the
own data storage system of SeisComP, SDS, is
used for the stations connected to this software.
Storage capacities are extended as necessary.

¢) The seismic network of RNMPSPC was
registered at the International Federation of

Digital =~ Seismograph  Networks, = FDSN
(https://www.fdsn.org/), with the RQ code
(Figure 2).

d) The dissemination of data and research
results is done by publishing in peer-reviewed
journals, as those mentioned in the
“Introduction” section of this article.
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3. Structured management of operations

The structured management of seismic network
operations was implemented ever since its
establishment and evolved continuously with its
expansion and modernization. The organization
gained additional momentum with the
acquirement of the IOSIN status, which imposed
the implementation of rigorous procedures for
management and reporting.

ion of Digital

Home  Networks  RQ: National Sefsic Network of URBAN.INCERC. Sanin

RQ: National Seismic Network of URBAN-INCERC
Vou must be logged i o request updatesto this network

FDSN Network Information
Network name

FOSNcode RO NatonalScismic Network of URBAN-INCERC (RNSC)

Strtyear 1967  Operatedby

Inst
Durabila (URBAN-INCERC), Romania

Endyear Romania

Deployment region

Description

Website

Citation Information
Dightal Object Identiier (DOI)  10.7914/SN/RQ.

Citation

ERC [Dota set]
Networks. hips://dolorg/10.79M/SN/RQ

Figure 2. The seismic network of RNMPSPC, as
displayed on the FDSN website

An important role in leveraging the activities
dedicated to the assurance of the quality of
seismic data is played by the various research
projects conducted by the RNMPSPC team. The
requirements imposed by these projects, as well
as the development possibilities they provide,
represent an additional incentive. One of the
most recent projects is PN 23 3501 01, aimed at
the development of an integrative digital
concept for recording, transmitting, processing
and analysing data resulting from seismic
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monitoring of territory and buildings, based on
the implementation of state-of-the-art hardware
and software tools, in order to efficiently and
operationally identify the destructive potential
of earthquakes occurring in Romania and
adjacent regions, and at the creation of an open
access database for instrumented buildings, set
up in accordance with the Open Access, Open
Data and FAIR principles and following the best
practice models of similar  European
infrastructures.

RESULTS AND DISCUSSIONS

To demonstrate the practical application of the
previously discussed principles, the following
section presents examples from recent activities
within the seismic network.

Figure 3 displays a screenshot from the
SeisComP software, showcasing tests conducted
to verify the operational accuracy of seismic
stations. The BTH station, featured in the figure,
is installed on an instrumented building and is
complemented by a free-field accelerometer
nearby. This setup is located at the Faculty of
Biotechnologies, University of Agronomic
Sciences and Veterinary Medicine of Bucharest.
Several tests of this type are performed on a
regular basis at RMPSPC, for all instruments.
For the stations connected to the SeisComP

system, values are checked in parallel in
SeisComP and in the software applications
provided by the instrument manufacturers.

The most important result of quality assurance
activities consists in obtaining accurate seismic
data and information. The following figures
provide an illustration of ground motion records
and of seismic data processing and mapping for
the largest-magnitude event recorded in
Romania in 2024, i.e. the ML=5.4 Vrancea
earthquake of September 16th, 14:40:22 UTC.

-

Figure 3. Tests for the verification of station operation.
Station BTH (Faculty of Biotechnologies, USAMYV,
Bucharest). Screenshot taken from SeisComP software

Figure 4 presents a map of the RNMPSPC
stations that recorded the ML 5.4 Vrancea
earthquake on September 16, 2024, generated
using the sigma module.
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created with the sigma module
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Figures 5 and 6 display the seismic records representation of the INC6 record from the
from this event and their subsequent ML5.4 Vrancea earthquake on September 16,
processing, both performed with the sigma 2024, processed using the sigma module. The
module, ensuring accurate data visualization displayed magnitude is that of the initial
and analysis. Figure 7 shows the spectrogram estimation in FDSN-SW.
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Figure 5. Records of the 16.09.2024 Vrancea earthquake, visualised with the sigma module
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Figure 6. Processing of the 16.09.2024 Vrancea earthquake BTH record, performed with the sigma module

138



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

Sempa on SERVER-HYPERV - Virtual Machine Connection

File Action Media Clipboard View Help

scrttv@localhost/production S B %

File Edit Mode
¥ Enabled (3)

View Window Settings Help
X Disabled (0)

100

10

INC6  RQ B1 HNE

F[1/T]in Hz

01
100

INC6  RQ B1 HNN

F[1/T) in Hz

INC6  RQ B1 HNZ

FI/T in He

14:40:30
2024-09-16

Nofilter

= Standard mode -

14:42:30 14:43:30

Figure 7. Spectrogram representation of the INC6 record of the 16.09.2024 Vrancea earthquake,
obtained with the sigma module

Additionally, Figures 8, 9 and 10 illustrate the
seismic data recorded at station FOC6, located
in Focsani, near the earthquake's epicentre.
These figures present the raw seismic record in
Figure 8, the acceleration response spectra
computed for the three components in Figure 9,
and the FFT magnitude plots corresponding to

the same record in Figure 10.

The recorded data, acquired using a GMS-18
accelerometer, was processed with the GeoDAS
software from GeoSIG, the instrument
manufacturer, ensuring high accuracy and
compliance with seismic data processing
standards.

755 File: TRG_100755_20240916_163938_T... Data type: Baseline Corrected using the whole data record

0006
_, oosf
=, 0.000F
<

003f
-0.006F

Peak: 0.00878 g at 16:40.28

0.006F

_, oo3f
> 0.000F
0.003F

0006

Peak: 0.01723 g at 16:40:10

0.015]
0.010F
0.005F
0.000F
0.005F
0.010F
0.015F
16:39.30

IZ1g

16:40:00 16:40:30 16:41:00 Time 16:42:00

Figure 8. Acceleration record from the M;=5.4 Vrancea earthquake on 16.09.2024. Station FOC6
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Figure 9. Acceleration response spectra for the three components of the FOC6 ground motion record.
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CONCLUSIONS

This study provided an overview of the
fundamental principles of seismic data quality
assurance, highlighting their significance in the
context of major international research
initiatives. The implementation of these quality
assurance measures within the National
Network for the Seismic Monitoring and
Protection of Building Stock (RNMPSPC) at the
National Research and Development Institute
URBAN-INCERC was examined, detailing
compliance with international standards and
best practices. The role of RNMPSPC as a
Special Installation / Objective of National
Interest (IOSIN) within the EPOS European
Research Infrastructure Consortium was also
emphasized.

Furthermore, the study demonstrated the
practical application of these methodologies
through the recent ML 5.4 Vrancea earthquake
(2024), showcasing the effectiveness of the
current seismic monitoring infrastructure,
including state-of-the-art software and hardware
solutions. These findings reinforce the critical
importance of continuous advancements in data
acquisition, processing, and validation to
enhance the reliability of seismic records and
contribute to global earthquake research and
hazard assessment.
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Abstract

Fine particulate matter (PM) pollution is a significant environmental and public health concern in urban areas. This
study presents an extensive assessment of PM concentrations in Galati, Romania, using the RAPID-E monitoring
system. The equipment was deployed at the RI REXDAN (Research Infrastructure REXDAN — George Cosbuc no. 98) to
continuously measure PM concentrations at 0.3, 0.5, 1, and 5 um from December 31, 2023 (22:00) to December 30,
2024 (22:00). The collected data were analysed to determine temporal variations in particulate matter, including
monthly means, daily averages, weekday versus weekend patterns, and variations between working days and weekends.
By identifying key pollution trends and fluctuations over the monitoring period, this study provides insights into the
dynamics of urban air quality and potential emission sources. The findings contribute to a better understanding of PM
pollution variability and support the development of effective air quality management strategies in urban environments.

Key words: air pollution, particulate matter, urban monitoring, RAPID-E, PM variability, temporal analysis, air
quality assessment.

INTRODUCTION phenomena such as volcanic eruptions and

desert dust (Baldacchini et al., 2019; Lonati &
In recent decades, air quality has become a Giugliano, 2006; Ramgolam et al., 2008). The
significant global issue, raising concerns about size of these particles determines their ability to
its impact on public health, the environment  reach the lungs and bloodstream, increasing the
and ecosystems. The pollutants that influence  risk of respiratory and cardiovascular diseases.
air quality are SOz, NO2, CO, CO2, O3 and  Prolonged exposure to air polluted with fine
particulate matter (Constantin et al., 2013; particles can exacerbate pre-existing conditions
Dragomir et al., 2015; Meier et al., 2017). SOz, such as asthma and chronic lung disease and
NO2 and particulate matter arise from the may even contribute to reduced life expectancy
combustion of fossil fuels (Constantin et al., (Alemayehu et al., 2020; Kelly et al., 2017).
2020; Merlaud et al., 2018; 2020; Rosu et al., Vulnerable groups, such as children, the
2020; 2021; 2023). Particulate matter air  elderly, and people with compromised immune
pollution is a serious problem, especially when systems, are particularly susceptible (KireSova
we are dealing with fine and ultrafine particles, et al.,, 2023; Pétremand et al., 2022). The
between 0.3 and 5 pm (Sanda et al., 2023; economic burden of air pollution, including
Iordache, 2017). These particles, often invisible healthcare costs and loss of working
to the naked eye, can penetrate deep into the  productivity, further underscores the urgency of
respiratory tract and even enter the addressing this issue (Conte et al., 2020; Zoran
bloodstream, posing significant health risks. et al., 2023). Air pollution also has a wider
Primary sources of these particles include environmental impact, including contamination
industrial activities, road traffic and natural of water sources, soil degradation, and
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disruption of ecosystems. The FEuropean
Commission has set air quality limit values for
particulate matter (PM10) and requires the
collection of PM2.5 data to protect public
health. However, data on finer particles, such
as PMos, PM1, and PMs, are less available. To
address this gap, the Rapid E+ equipement, the
successor of Rapid E and PA-300, has emerged
as a crucial tool for measuring fine particles in
the air (Ait-Khaled et al., 2009; Sauliené et al.,
2019). This device uses optical detection
technology and laser illumination to measure
particles in the 0.3-5 pm range with high
accuracy (Boldeanu et al., 2021; TeSendi¢ et
al., 2020). Rapid E+ provides a fast and
accurate method for continuous monitoring of
particle concentrations in a variety of
environments, from polluted urban areas to
industrial and natural environments (Crawford
et al., 2023; Yanagi et al., 2023) . In this study
we present the results of one year (2024) of
data analysis from our Rapid E+ equipment
installed at RI REXDAN (Galati city,
Romania).

3

@oogle Earth

Equipment and data used

Rapid-E+ is an advanced bioaerosol sensor that
uses proprietary laser technology to analyze
individual aerosol particles in real time. Its
integration with GPU (Graphics Processing
Unit) acceleration significantly improves the
speed of data acquisition and processing,
providing exceptional performance in tracking
and identifying aerosols in  complex
environments. The sensor continuously
monitors and characterizes airborne particles

Figure 1. Location of the deployment of the measuring equipment (REXDAN)
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MATERIALS AND METHODS

Study area and localization

For our study, we conducted continuous dust
measurements in the city of Galati, one of the
largest urban areas in Romania. The
measurements were carried out over a whole
year, from January 1, 2024, to December 30,
2024, at the specific location at George Cosbuc
Blvd, no. 98 (coordinates: 45°26'6.66"N 28°
2'14.02"E). This location was chosen because it
is an area with intense traffic and urban
activity. It is also important to note that during
this period, significant infrastructure repair
works were underway in the area, which could
have affected air quality. To collect accurate
and reliable data on particle levels, we used the
Rapid-E+ equipment, which was placed in the
courtyard of the RI Rexdan. The location of the
Rapid-E+ device is shown in Figure 1. The aim
of this study was to analyse particulate levels in
the context of ongoing construction activities
and urban development.

! Legend
4 @ Raoid E+(Rado Gatt)

ranging in diameter from 0.3 to 100 um. Values
of 0.3 um indicate particles with sizes between
0.3 and 100 um, while values of 0.5 um refer to
particles between 0.5 and 100 pm. Also, values
of 1 pm cover particles between 1 and 100 pm,
and values of 5 um include particles between 5
and 100 pm. Backed by years of continuous
measurements, Plair technology combines
scattered light pattern analysis and fluorescence
spectroscopy, ensuring reliable, real-time
monitoring of ambient air. Rapid-E+ operates
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autonomously and remotely, giving users
access to data anytime, anywhere. Detailed
characteristics of the device (Rapid-E+) are
provided in the following table, Table 1, which

outlines its specifications and key features of
the equipment (https://www.plair.ch/rapid-
e.html).

Table 1. Specification of the intelligent bioaerosol sensor Rapid-E+ used for data collection in the city of Galati
throughout the year 2024

Parameter Value Details
Particle size range, micrometers (pm) 0.3-100 -
UV laser wavelength, nanometers (nm) 337+5 -
Scattering laser wavelength (nm) 447 £5 -
Imaging laser wavelength (nm) 637+5 -
Fluorescence spectral range (nm) 390-570 £ 5 12 nm per pixel
Fluorescence spectral ranges of lifetime module 375397+ 5
(nm) 415-450 £ 5 1 photodetector per spectral range
467-487+5
Fluorescence decay resolution, nanoseconds (ns) 1 For each spectral range
Sample airflow, liters per minute (LPM) 5 -
Maximum counts (scattering only), 1,000,000 Particles per minute
Maximum counts (fully analysed) 4.800
Power supply (Volts AC) 90-240 -
Power consumption (watts) less than 200 Maximum value
Size (H x W x D), centimeters 40 x 34 x 55 -
. o Temperature range can be extended with an
Operating temperature (°C) -10 ... +40 outdoor box
Humidity (%) 0-95 Without condensation
Weight (kg) 25 -

Rapid-E+ comes with an online platform or
dashboard called PlairGrid, which allows users
to visualize data collected in the field. PlairGrid
is a free, easy-to-use tool that allows users to
explore raw data and create a machine learning
model capable of classifying particles in real
time. This advanced functionality is designed to
help wusers accelerate their data analysis
processes, giving them the ability to take full
control of their experiments and projects. With
these tools, users can start working with their
data immediately and easily, without the need
for complex setup or additional software. The
device was designed to meet the growing need
for efficient, accurate, and real-time monitoring
of bioaerosols, which include particles such as
pollen, bacteria, and fungal spores, among
others. By enabling continuous and accurate
data collection, Rapid-E+ helps users better
understand the dynamics of airborne particles,
which can have a significant impact on health,
environmental quality, and various research
areas. Its design allows researchers, healthcare
professionals, and environmental specialists to
detect, classify, and analyse these particles in
real time, making it a powerful tool for
studying air quality, biological hazards, and
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public health risks. The integration of machine
learning and real-time data visualization improves
the overall efficiency and effectiveness of
experiments, ensuring that users have the flexibility
to adapt their approaches and make informed
decisions quickly.

Figure 2. Image of REXDAN RI Rapid-E+ equipment
RESULTS AND DISCUSSIONS

Using the detailed data collected by the Rapid-
E+ sensor, we have created a series of complex
graphs that highlight the average values of
airborne particle concentrations throughout
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2024. We have separated each category of
particles data, so we were able to organize the
values so that they showed the values for
different categories i.e. 0.3um (particles
between 0.3um and 0.5pm), 0.5um (0.5-1pm),
Ilum  (1-5um), and Spum  (5-100pm),
respectively. These results of data analysis are
structured for each day of the week, for particle
size interval in the air: 0.3, 0.5, 1 and 5 um.
Analysis of these data allows for a detailed
assessment of daily variations in fine particle
concentrations, providing valuable information
about the behaviour and distribution of aerosols
in the atmosphere over an entire year. These
observations are essential for understanding the
factors that influence air quality that could
affect public health and the environment,
especially regarding the sizes of respirable
particles that can have significant effects on
human health. We also present the 6 = RMSA
to determine the errors that may arise from
external conditions, measurement errors, and
systematic errors. In this formula, ¢ represents
the standard error, and RMS (Root Mean
Square) measures the average magnitude of the
errors, calculated by the square root of the
average of the squares of the differences
between the estimated and actual values. All
data representation was created using python
code i.e. using matplotlib a native Matlab
ploting library implemented with python code
via the open-source IDE Spyder (Scientific
Python Development Environment).

As can be seen in Figure 3, the values increase
exponentially with the size of the particles
included in that range. This phenomenon is due
to the fact that small particles (below 1 pm)
persist longer in the air, due to their small mass
and the reduced influence of gravity on them
(Casale et al., 2009). Thus, they are suspended
for a longer period of time and can be
transported over long distances by winds and
atmospheric currents. In contrast, larger
particles (above 5 um) settle more quickly due
to their greater weight and rapid sedimentation
in the atmosphere.

In the analysed graphs, the size range 5-100 pm
does not exceed values over 4 thousand per
hour, which suggests that larger particles are
fewer, because they sediment quickly. In
contrast, particles in the range 0.3-0.5 um can
reach concentrations of up to 1.5 million
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particles per hour, since they are more
numerous and remain suspended longer in the
air.

As can be seen in the seven graphs presented,
the values corresponding to particles of 0.3 and
0.5 pm are represented on the vertical axis on
the left, and the data are collected periodically,
at one-hour intervals. These values reflect the
particle concentrations in a specific period, and
the collection interval allows for a detailed
observation of their variability over time. On
the other hand, the values corresponding to
particles of 1 and 5 um are displayed on the
vertical axis on the right, and the scale of this
axis varies from one day to the next, depending
on the distribution of larger particles. As we
progress further into the week, we notice that
the values increase slowly but progressively,
with Mondays having relatively low values due
to the break period of the weekend, when
traffic was reduced and work-related activities
were at lower end, and Fridays having the
highest values of the week and some of the
most visible fluctuations in the measured
parameters.

On October 19, 2024, between 10:00 and
11:00, a significant and sudden increase in the
values of particles in the size range of 1-5 um
was observed in the monitoring carried out on
the PlairGrid online platform. This increase
was remarkable, with values exceeding by
more than 100 times the average values
recorded in previous reference periods.
Moreover, this fluctuation not only had an
immediate impact on the data from that period,
but also affected the annual average of
Saturday, causing an unusual increase in the
values recorded for this day compared to other
Saturdays of the year. The significant change in
the annual average underlines the importance
of a detailed analysis to identify the causes of
this abnormal behaviour.

As for the possible causes of this phenomenon,
they may include a technical error in the
measuring equipment. Another possible cause
may be temporary contamination of the
environment or equipment. If an external
source of contamination was active at that time,
this could have led to a punctual accumulation
of particles, influencing the measurements,
without affecting the entire monitoring time
frame.
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To facilitate the observation of the differences
between weekdays and weekends, we have
created two distinct graphs. The first graph

includes the average values for weekdays
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presents the average values for weekend days
(Saturday and Sunday).

and the
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Figure 3. Mean value for each day of the week
These graphs allow a clear visual comparison each category of days, facilitating
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second graph
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or
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significant differences in the behaviour of
particle values depending on the week period
(Figure 4).

By comparing the two data sets, it is possible to
observe fluctuations that could be attributed to

1e6

external factors specific to weekdays or
weekends, such as changes in industrial
activities, transportation, weather conditions or
other environmental influences that may vary
depending on the day of the week.
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Figure 4. Mean value

Analysing the 2 graphs presented in Figure 4, a
clear trend of variation of the measured values
of particulate matter depending on the time of
day is observed, with significant particularities
on weekdays compared to weekends. During
the week, the data reveal notable fluctuations,
with substantial increases in the values around
peak hours (6:00 and 17:00), intervals in which,
usually, the highest values can be attributed the
peak of human activity or intensified traffic.
These peaks are significant, indicating
moments of increased traffic or other activities
related to the daily schedule of employees or
workers.

12 13 14
day (0-23)

15 16 17 18 10 20 21 22 23

for workdays and weekend

In contrast, on weekends, the data show a
relative stability of the values, without notable
fluctuations, with only a few isolated
exceptions that do not reach the intensity of
those observed on weekdays. This behaviour
suggests that, on weekends, activity is more
constant and less influenced by the rigid
schedule of weekdays, making it possible that
variation factors are reduced and the activities
carried out are more uniform. A significant
external factor that can influence these
variations on weekdays is represented by the
road restoration projects carried out near the
measurement area during the respective period.
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Considering that infrastructure works involve
periodic interventions that can affect the traffic
flow or the schedule of activities, we can
hypothesize that the significant decrease in the
values around 12:00 on weekdays can be
attributed to the lunch breaks of the workers
involved in these projects. Thus, during the
mentioned time interval, the activity of the
workers is considerably reduced, which
implicitly leads to a decrease in the measured
values, even if the values are related to traffic,
economic activities or other variables. It can be
seen that particles larger than 5 um do not
follow the same rule as particles below 5 pm,
as they do not have their maximums during
peak hours of the day, but at 12:00 when small
particles decrease in number. Another
significant difference between weekdays and
weekends is made by particles over 1 pm,
which during the week reach values of over 80
thousand particles per hour, while during the
weekend they do not exceed values of 75
thousand particles.

CONCLUSIONS

The results of this study demonstrate that the
Rapid-E+ device is a complex and useful tool
for local wurban monitoring of airborne
particulate matter as we presented in the results
of measurements made throughout 2024 at
REXDAN RI located at no 98 George Cosbuc
Blvd, Galati, Romania. The main advantage of
this device is the accuracy of its measurements
on an extended scale (0.3-100 pm) and the ease
with which the data can be recorded and
processed. By making continuous
measurements for particulate matter, we can
more easily observe the dynamics of these
pollutants and determine the factors that
influence these parameters and the main
sources (traffic, constructions and other natural
or anthropogenic factors). The main objective
of this research was to determine the average
values of some air parameters over a whole
year, with a particular focus on monitoring
particulate matter. During the analysis, we
observed that the factor that most influences the
variation of pollutants is human activity,
especially construction-related activities. These
activities contribute significantly to fluctuations
in particulate matter concentrations, especially
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during peak periods of the day. The most
pronounced pollution values were observed
during peak hours, when the number of
construction sites and associated activities are
increasing. This trend suggests that particulate
matter emissions generated by such activities
have a significant impact on air quality and
public health. It is also important to note that
these fluctuations are much more evident in
urban areas, where economic activity and
construction are at a high level. The next study
will analyse the diurnal and nocturnal
variations of particulate matter, as well as their
changes according to the seasons (spring,
summer, autumn, winter), using the Rapid-E+
device. This method will provide us with
detailed information on how pollutant
concentrations fluctuate throughout the day and
at different times of the year. Thus, we will be
able to observe the differences between day and
night, but also how the seasons influence the
level of particulate matter in the air. This
analysis will contribute to a clearer
understanding of the behaviour of pollution
under different temporal conditions, providing

essential data for long-term air quality
management.
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Abstract

The identification and assessment of the pressures and threats to which protected areas are subjected is crucial in order
to plan, implement and assess conservation actions. Our study aimed to assess the spatio-temporal dynamics of land
use/land cover changes that occurred in the Oltet Piedmont between 2012 and 2018 and identify the main threats that
anthropogenic activities pose to natural protected areas. The major changes in land use that took place between 2012
and 2018 had a great impact on the landscape. The disappearance of large surfaces of vineyards (<8150 ha), orchards
(2400 ha), watercourses (—700 ha), beaches, dunes and sand plains (—140 ha) and inland marshes (—40 ha) are the
most significant. These terrains were occupied by complex crops (+4350 ha), deciduous forests (+2900 ha) and
transitional woodland shrub (+750 ha). Also, the built-up areas, especially near cities like Craiova, Filiasi, Bals and
Dragdasani, had an increase in surface. The results revealed that the expansion of arable land and urban areas have a
great impact in the conservation of biodiversity in natural protected areas from the Oltet Piedmont.

Key words: land use, land cover changes, natural protected areas, Oltef Piedmont, Romania

INTRODUCTION degradation, and the expansion of human
activities - such as agriculture, infrastructure
Land is a three-dimensional, dynamic, and development, and fuelwood extraction - have
complex system, developed through the  historically led to widespread land cover loss
interaction of lithology, structure, drainage, on both local and global scales (Nkinda et al.,
climate, vegetation, and geomorphological  2025). These changes have an impact on a wide
processes operating over time (Laha, 2023). As  range of environmental and landscape
a fundamental natural resource, it underpins attributes, including the quality of water, land
diverse economic, social, and ecological and air resources, ecosystem processes and
functions (Phuong & Thien, 2023). function, and ecosystem quality (Yogesha et
Within this context, land use and land cover al., 2025; Shastri et al., 2020).
(LULC) emerge as interrelated dimensions that ~ Changes in land cover and land use caused by
describe both the ways land is utilized and the human activities have modified the plant cover
distribution of vegetation and surface features. (Valea, 2024), forest ecosystems (Pravalie et
Transformations in LULC not only reshape al., 2022), deforestation can lead to excessive
landscapes but also intensify global challenges  soil erosion (Nigussie et al., 2025) and even
such as climate change, biodiversity loss, and landslide occurrence (Jurchescu et al., 2023).
broader environmental crises (Bairwa et al., Protected areas were "invented" and then
2025). established all over the world in order to
LULC effects and dynamics vary from one  protect the most outstanding values of
region to another according to the type of  biological and geological diversity, as well as
vegetation cover and activities (Mesmin et al., exceptional cultural values.
2025). Land use and land cover changes The management of protected areas must
(LULCCs), driven by deforestation, forest  ensure measures to prevent threats that may
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destroy them in the future and if they can
reduce the effects of the many pressures that
exist today.

The development of urbanization around the
world may have a negative impact on some
existing plant and animal species (Ives et al.,
2016). Nature plays an important role for
human health, therefore measures must be
taken to preserve biodiversity (Kowarik et al.,
2020).

Biodiversity must be approached in relation to
the characteristics of the urban and rural
environment, plants, animals, the interaction
and the pressure people put on nature for their
own existence (Elmqvist et al., 2013; Opoku,
2019; Giineralp & Seto, 2013; Aronson et al.,
2014).

The role of protected areas in conserving
biodiversity and landscape is very important
due to global environmental changes and
climate change. For an adequate management
there is a need to create corridors to link them
in order to reduce human impact (Geacu et al.,
2012).

In the context of sustainable development of
cities and rural communities, it is necessary to
find solutions to stop the loss of plant and
animal species and maintain restore biodiversity.

Land use change is one of the issues which
intensifies environmental problems because of
the growing demand for natural capital and the
increasingly anthropogenic interference; it
threatens ecosystems on which human
livelihoods rely upon. So, understanding the
magnitude of land use change, drivers, and
implications is very crucial in a successful
management of land resource (Mekonnen,
2025).

MATERIALS AND METHODS

Study area

The Oltet Piedmont, located in the eastern
subunit of the Getic Plateau, represents a
geomorphological unit strongly influenced by
both morphodynamic processes and
anthropogenic activities dating back to the 17%-
19th  centuries.  The  region  covers
approximately 3,771 km? and has a
predominant north-south orientation (Figure 1).
Intensified human impact, particularly from the
late 19th to the early 20th century, disrupted the
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natural balance through widespread
deforestation to create land for cereal crops,
orchards, vineyards, pastures, hayfields, as well
as through the expansion of rural and urban
settlements.
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Figure 1. Study area - Oltet Piedmont (Romania)
During the past century, the Romanian
agricultural lands underwent deep

transformations primarily under the impact of
political and socio-economic factors and less,
of the biophysical and climatic ones (Balteanu
& Popovici, 2010; Popovici et al., 2013).

Given the major and ongoing spatial, structural
and functional transformations of the post-
communist period, a substantial body of
literature has focused on the social and
economic consequences of the Land Reform of
1991 (Ursanu et al., 2024; Dogaru et al., 2024).
This reform (Law no. 18/1991) shifted the
ownership of land from state to private
individuals, small-scale farms appearing and
fragmenting the agricultural land, which in time
became vulnerable to anthropogenic pressure
and climate changes (Pravalie et al., 2021).

For monitoring land dynamics, the CORINE
Land Cover (CLC) project, initiated in 1985,
provides a harmonized inventory of land cover
across Europe, structured into 44 classes.
Building on this, the Copernicus Land
Monitoring Service (CLMS), launched in 2012
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by the European Environment Agency (EEA)
and the European Commission’s DG Joint
Research  Centre, supplies  geospatial
information on land cover and land-use
changes, vegetation state, the water cycle, and
Earth surface energy variables for a wide range
of terrestrial applications.

In this study, we employed land use/land cover
(LULC) databases provided by the EEA for the
years 2012 and 2018. This period was selected
as it captures the most significant changes in
LULC, largely driven by anthropogenic
activities. Notably, rising living standards
spurred the rapid urbanization of rural areas
near cities, where populations increasingly
purchased land for residential purposes,
particularly  secondary homes used on
weekends as retreats from urban environments.
Additionally, shapefiles of Romania’s natural
protected areas were obtained from the Ministry
of Environment, Waters and Forests, along
with management plans and other relevant data
for the five protected areas located within the
Oltet Piedmont. These sites were declared
under the provisions of OUG 57/2007 and Law
5/2000. Using ArcGIS 10.7, the data for the
study area were extracted (via the Clip feature),
enabling a detailed analysis of how LULC
changes affect these protected natural areas.

RESULTS AND DISCUSSIONS

The classified LULC categories comprised
built-up areas, farmland, bare land, grassland,
forests, wetlands, shrubland, and water bodies.
Using ArcGIS 10.7, we extracted and
reclassified 21 land use/land cover categories
identified within the Oltet Piedmont. The
results were represented through cartographic
outputs (Figures 2 and 3) for the two reference
years of the study, 2012 and 2018.

The period between 2012 and 2018 is marked
by major changes in several land use categories
(Table 1). Notably, there was a significant
reduction in the areas occupied by vineyards
(8,150  ha), orchards (2,400 ha),
watercourses (=700 ha), beaches, dunes, and
sand plains (—140 ha), as well as inland
marshes (—40 ha). The decline observed in the
latter three categories can largely be attributed
to flood protection works implemented along
most rivers crossing the piedmont.
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Figure 3. Oltet Piedmont - Corine Land Cover, 2018

The terrains occupied by vineyards and
orchards were transformed mainly into areas
with complex crops (+4350 ha), deciduous
forests (+2900 ha) and transitional woodland
shrub (+750 ha). Also, the built-up surface
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increased by 610 ha, mainly by the extension of
urban areas around major cities like Craiova,
Filiasi, Bals and Dragasani.

The constant depopulation of the rural areas
within the Oltet Piedmont and the expansion of
the periurban areas around major cities have
influenced the major changes in land use/land
cover between 2006 and 2018. These changes
affect not only its population but also the
environment.

The influence of human activities has been
manifested in all geographical regions of
Romania. These have significantly influenced

the rate, intensity and pattern of land use/cover
changes. Important agricultural areas in the
Romanian Plain have become fragmented and
gradually abandoned but also subjected to
(sub)urbanization processes (Ursanu (Popovici)
et al., 2024).

Land use has been seriously influenced by
urbanization and by the conversion from one
category to another. This has led to the
degradation of vegetal associations, the almost
destruction of the wild flora and fauna in areas
suitable to cultivation (Popovici et al., 2010).

Tabel 1. Land use in the Oltet Piedmont between 2012 and 2018

Land use Area 2012 (ha) Area 2018 (ha)
[Urban fabric 18105.71 18715.64
Industrial or commercial units 578.45 643.63
Road and rail networks 130.84] 130.62
Mineral extraction sites 277.95 237.79
Dump sites 151.62 -
Green urban areas - 4.40
Sport and leisure facilities 37.44 37.44
INon-irrigated arable land 106522.92 107085.46]
\Vineyards 12551.88] 4370.34
Fruit trees and berry plantations 7894.80 5492.06|
Pastures 36379.22] 36750.09
Complex cultivation patterns 19823.28] 24170.46]
Land principally occupied by agriculture 31274.33 33208.10]
Broad-leaved forest 139633.92 142516.62
Coniferous forest 142.25 142.25
Mixed forest 53.88 53.88
Natural grassland 96.08 b
Transitional woodland shrub 1257.81 2070.48]
Beaches, dunes and sand plains 213.26 77.26
Inland marshes 126.49 85.48
‘Water courses 1903.59 1363.71

The southern part of Romania was
continuously exposed to strong human pressure
since early times through extensive/intensive
agricultural use, industrialization,
urbanization/suburbanization processes.
Therefore, the primeval vegetation has been
massively transformed, and forests have been
significantly fragmented and reduced to even
smaller surface (Geacu et al., 2018).

In the study area there are 5 natural protected
areas - 3 of national interest and 2 Natura2000
sites (Figure 4): 2.451 Locul fosilifer Valea
Desului (1 ha), 2.796 Padurea Tisa Mare (50
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ha), 2.797 Padurea Silea (25 ha), ROSCI0168
Padurea Sarului (6768 ha) and ROSCI0296
Dealurile Dragasaniului (7265 ha).

The International Union for Conservation of
Nature (IUCN) defines a protected area as "a
clearly  delimited  geographical  space,
recognized, designated and managed on the
basis of legal acts or by other effective means,
with the aim of achieving the long-term
conservation of nature as well as of
environmental services and associated cultural
values".
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Figure 4. Oltet Piedmont - natural protected areas

Protected areas must guarantee and allow the
following:

- conservation of biodiversity by maintaining
within the perimeter of protected areas some
species and ecosystems in their natural or very
close to natural state;

scientific substantiation of management
methods and procedures that allow for the
sustainable use of natural resources;

- scientific substantiation of the process of
reconstruction and rehabilitation of ecological
systems;

maintenance of ecological
conserving ecosystems;

- protection of cultural values and landscapes.
2.451 Locul fosilifer Valea Desului fossil site is
a protected area of national interest
corresponding to IUCN  category IV
(paleontological nature reserve), protecting
remains of Levantine fossil fauna.

2.796 Padurea Tisa Mare is a protected natural
area corresponding to IUCN category IV
(mixed nature reserve) and represents a
protection zone for trees of the species sessile
oak  (Quercus petraea) and hornbeam
(Carpinus betulus) and shrubs of the species
tulichine (Daphne mezereum) or thorn (of the
species Ruscus aculeatus).

services by
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2.797 Silea Forest is a protected natural area
that corresponds to IUCN category IV (mixed
nature reserve) and represents the forested area
on the two banks of the Silea stream that
preserves natural habitats with tree species of
sessile oak (Quercus petraea) and hornbeam
(Carpinus betulus), as well as a rare shrub
species, known as thorn (Ruscus aculeatus).
ROSCI0296 Dealurile Dragasaniului includes 3
types of protected habitats: 9130, 91MO and
91Y0.

ROSCI0168 Padurea Sarului includes only 1
type of protected habitat, 91 MO.

These protect a large number of species of
conservation importance: over 30 species of
mammals, over 90 species of birds, 1 species of
plant and 8 species of amphibians and reptiles.
The important changes in land use and the
constant increase in urbanization can have a
major impact on these natural protected arcas
by: the use of pesticides and chemical
fertilizers in agriculture, in the vicinity of these
areas, the existence and spread of invasive
plants and water pollution with plastic, glass,
household or construction waste. Also, illegal
deforestation and poaching represent a major
threat to the integrity of natural protected areas.
We have managed to identify the main
anthropogenic activities that may have a
negative impact:

- harvesting of wild animals (legal/poaching);

- harvesting of mushrooms and berries;

- harvesting of live snails;

- logging activities (legal/illegal) in the funds
managed by the Forest Districts;

development of water and wastewater
infrastructure;

- reconstruction works of communal roads,
which cross protected natural areas.

These pressures and threats to which protected
natural areas are subject must be considered
when we study how land use/land cover
changes affect the environment because they
are an integrant part of a sustainable
development for the population in this area.

CONCLUSIONS

The environment constitutes an essential
prerequisite for human existence, so its
protection and conservation is very important.
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The predominance of agricultural activities in
the southern part of the Oltet Piedmont, mainly
in the rural localities, had a major impact in the
land use changes that occurred in the last 20
years.

The major changes in land use, especially after
2012, have put a great pressure on the
environment, modifying the landscape and
making it more vulnerable to the effects of
human activities and even climate change.

To preserve the protected habitats and species
in these natural protected areas, administrators
and decision-makers should consider the
following measures:

- limit the use of pesticides and fertilizers in the
vicinity of these sites and using insecticides
only in the affected areas, not preventively;

- use of biological control as much as possible
and preserve natural regulation mechanisms;

- limit access into the forest only on arranged
trails and carrying out picnics and open fires
only in designated areas;

- stop illegal deforestation;

- preserve, especially near wetlands, fallen trees
or stumps, to boost the biological activity of
insects;

- carry out actions to sanitize temporary ponds
and waters within the perimeter of these sites;

- preserve open forest areas with shrub and
grass vegetation, etc.

- prevent and stop activities with potential
negative effects on the natural and cultural
values in the protected areas;

- informing and raising awareness among
stakeholders and the general public about the
importance of biodiversity conservation, by
promoting sustainable development models and
involving  local = communities in  the
management of protected areas.

Future studies should focus on the effectiveness
of protected natural areas management and
minimizing anthropogenic impact on their
territory in  order to achieve a Dbetter
conservation and protection.
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Abstract

The production of plastics in the context of global warming contributes to water pollution by microplastic particles.
Consequently, a shift towards sustainable practices in the field of plastic production is crucial. This paper aims to address
the main concerns related to plastic and microplastic pollution and to identify environmentally sustainable strategies
applied in the production sector. A particular focus is placed on biodegradable, eco-friendly materials as alternatives to
conventional plastics, with an emphasis on their environmental impact. For example, food waste has emerged as a
promising alternative for plastic packaging production, offering a sustainable solution, valorization of by-products, and
mitigating environmental impacts. The paper also focuses on the potential of using waste to create biodegradable
materials, highlighting the importance of a zero-waste approach to enhance the economic value of by-products, while
promoting a cleaner environment and waste management presented in environmental contexts. Through its comparative
analysis, this study contributes to a deeper understanding of waste management and supports the advancement of a
sustainable circular economy.

Key words: biodegradable, by-products, microplastics, pollution, sustainable.

INTRODUCTION with production projected to rise from 464 Mt in
2020 to 884 Mt by 2050 (Dokl et al., 2024).
Conventional plastics made from petroleum Equally concerning is that approximately 79%
have a significant impact on the environment, of plastic waste ends up either in landfills or the
contributing to water pollution, global warming, = natural environment, while only 9% is recycled
resource depletion, and the spread of  and 12% is incinerated (Kumar M. et al., 2024;
microplastics. This makes the search for durable Wojnowska-Baryta et al.,, 2022). Plastics
and sustainable alternatives increasingly critical derived from fossil fuels (crude oil, gas, and
(Mutmainna et al., 2025; Saleem et al., 2023). coal) are a substantial environmental threat, not
Alarmingly, plastic pollution is now ubiquitous  only due to their long lifespan but also because
- plastic particles have been discovered in the they emit greenhouse gases, contributing to
deep sea, rainwater, and even in the human global temperature rise (Nicholson et al., 2021;
placenta and bloodstream (Stoett et al., 2024). Sharma et al., 2023).
Although the stability of conventional plastics is Microplastics (MPs), defined as plastic particles
often cited as an advantage (Xuyang et al., smaller than 5 mm, are formed through the
2025), it also becomes a major drawback due to gradual degradation of larger plastic items,
their persistence and accumulation in the typically triggered by ultraviolet (UV) radiation
environment. (Lee et al., 2025; Niu et al., 2024; Xuyang et al.,
Globally, the average plastic consumption per 2025). Microplastics are a complex pollutant,
person is 20.9 kg per year (Khan et al., 2025), ubiquitous in freshwater, with negative effects
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that can affect the function and health of the
entire ecosystem (Garfansa et al., 2025). MP can
enter rivers through sources such as atmospheric
deposition, surface runoff, in-stream activities,
and wastewater discharge (Graham et al., 2024).
Also, river receive MP from direct dumping of
garbage, the confluence of small streams into the
main river, effluents from the cosmetic and
textile industries and fishing activities, rivers
contribute about 80% of ocean pollution. Rivers
also discharge 1.6- 2.3 MMT of MP into the
ocean annually (Choudhary et al., 2025).
Filtration methods using materials such as sand
or activated carbon materials are applied in
municipal wastewater treatment to remove MPs.
MPs removal efficiency varies depending on
particle size, adhesion to the surface of the filter
medium, and filtration technique (Garfansa et
al.,2025). However, these techniques are largely
ineffective at removing MPs, allowing them to
continue threatening aquatic environments (Lee
etal., 2025; Niu et al., 2024).

In recent years, global attention has increasingly
focused on the circular plastic economy and
sustainable development. A truly sustainable
approach seeks to meet the needs of the present
without compromising the resources of future
generations - one of the core objectives of
of waste management and supports progress
toward a sustainable circular economy.

IMPACT OF PLASTIC POLLUTION:
ENVIRONMENTAL SIGNIFICANCE AND
HUMAN HEALTH

Plastics pose a serious threat to ecosystems,
biodiversity, and human health, while also
contributing to climate change (Schmidt et al.,
2024). Popa et al. (2015) observed that the
anthropogenic footprint on the water quality of
the Danube, was highlighted in the summer,
under the action of the human, trophic factor and
the impact of anthropogenic activities. MPs are
considered emerging pollutants of increasing
concern due to their ubiquitous presence and
toxic potential in the aquatic ecosystem (Calmuc
etal., 2022).

Water resource management is a major issue,
being a very important transporter of pollutants
(Pintilie et al., 2016), rivers contributing to
approximately 80% of plastic pollution in the
oceans, and 20% coming from marine activities
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sustainable development (Xuyang et al., 2025).
Poor plastic waste management exacerbates
environmental degradation and health hazards
while also contributing to climate change (Roy
& Chakraborty, 2024). The growing interest in
bio-based alternatives, particularly in the food
industry, reflects a shift toward sustainable,
efficient, and safer packaging systems compared
to those made from petroleum-derived polymers
(Dorofte et al., 2023). Biodegradable plastics are
now applied across various sectors, and even oil-
producing nations are supporting initiatives that
promote circularity within the plastic economy
(Fei et al., 2024; Saxena, 2025).

The aim of this study is to provide a critical
perspective on replacing petroleum-based
plastics with sustainable alternatives, while
promoting the circular economy and principles
of sustainable development. This review offers
a comprehensive synthesis of the current
literature on the environmental impacts of
plastics, as well as strategies for leveraging
natural resources and waste to produce
biodegradable materials. Emphasis is placed on
the zero-waste approach, which adds economic
value to by-products and fosters improved waste
management. Through a comparative and
critical lens, the study enhances understanding
(Kumar M. et al., 2024). MPs enter the aquatic
environment through wastewater discharges,
industrial operations, excessive vehicle use, and
human activities (Xuyang et al., 2025).
Population and distance from residential areas
influence the effects of anthropogenic activity
on MPs abundance, urban lakes being more
affected by MPs contamination than rural lakes
(Anagha et al., 2023; Pierdomenico et al., 2024).
China currently records the highest level of
surface water microplastic pollution globally,
with a concentration of 34 MP/L detected in
Lake Poyang (Tran-Nguyen et al., 2024).

In Romania, arcas near the confluence of the
Siret and Prut rivers with the Danube show
particularly high pollutant concentrations,
largely due to agricultural and industrial activity
and the absence of effective water treatment
systems (Iticescu et al., 2014). In marine
environments, plastics reduce light and oxygen
levels, diminishing biodiversity and affecting
marine life through ingestion, suffocation and
reduced mobility (Roy & Chakraborty, 2024).
Plastics facilitate the bioaccumulation of heavy
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metals in aquatic systems. Heavy metals, after
being released from microplastics, enter the
food chain, accumulating in fish and
subsequently affecting human health through
biomagnification processes (Bolea et al., 2025).
The ecotoxicological effects of MP depend on
concentration, types, degradation process,
environmental longevity and specific organisms
affected (Shi et al., 2024). The presence of MPs
has been reported in human saliva, feces, and
blood (Saleem et al., 2023). MPs contain
harmful chemicals, such as phthalates,
bisphenol A (BPA), which can disrupt hormone
regulation, interfere with reproductive health
and increase the risk of cancer, developmental
disorders, and have adverse effects on the
immune, nervous, and cardiovascular system
(Roy & Chakraborty, 2024; Schmidt et al.,
2024). MPs generate toxicity in living
organisms by disrupting the defense mechanism
against  oxidative  stress,  genotoxicity,
neurotoxicity, growth and metabolic diseases,
but they can also be vectors of transport in
aquatic ecosystems by adsorbing potentially
toxic elements (mercury, cadmium, lead and
aluminum, copper, nickel, zinc, chromium or
arsenic) on their surface (Kumar et al., 2024;
Simionov et al, 2023). Exposure and
accumulation of heavy metals in the human
body has been linked to cognitive impairment,
endocrine disruption, developmental
abnormalities, and cancer (Simfukwe et al.,
2025). As a result, bioplastics have emerged as
a promising alternative, offering the potential to
mitigate both health risks and environmental
degradation associated with conventional plastic
use (Kumar et al., 2024).

Biodegradation in soil is considered the best
option due to the microorganisms present in the
environment. Biodegradation in aquatic
environments is usually more complex and
limited due to nutrient content, temperature, pH,
microbial diversity and density, which reduce
the biodegradation capacity of bioplastics
(Negrete-Bolagay & Guerrero, 2024).
Biodegradation is a process that depends largely
on environmental conditions, such as
temperature, humidity, pH, and many other
abiotic factors. Biodegradable plastics show
mass losses of 23-100%, with higher
degradation efficiencies than petroleum- based
plastics. PLA biodegradation is complete within
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1-3 months in marine environments in Hong
Kong, but not all bioplastics degrade completely
in these marine environments. Fragmentation of
biodegradable plastics requires special attention
as it can contribute to microplastic pollution,
which is a challenge for in situ studies as the
fragments may be too small to be recovered or
further biodegraded (Cheung & Not, 2024).
Microplastics ~ generated by  incomplete
biodegradation of biodegradable plastics may
persist in environments, affect aquatic microbial
communities, plant adaptability, and animal
physiology, with their toxicity increasing upon
degradation, but knowledge of the effects of
biodegradable microplastics, in the aquatic
environment remains limited (Shi et al., 2024).

CONVENTIONAL PLASTIC

Conventional plastics, also referred to as
petroleum-based, are the most widely used form
of plastic. They exist in various physical forms -
such as fragments, foams, films, fibers,
filaments, pellets, spheres, and particles - and
come in a wide range of colors, including red,
green, blue, white, transparent, black, and
yellow (Chen et al., 2024; de Deus et al., 2024).
Depending on size, there are five distinct
categories of plastics: nanoplastics (< 0.001
mm), microplastics (0.001-5 mm), mesoplastics
(5-25 mm), macroplastics (> 25 mm) and
megaplastics (> 1 m) (de Deus et al., 2024).
Microplastics (MPs) are further classified by
origin:  primary MPs are manufactured
intentionally for industrial or domestic
applications, while secondary MPs result from
the degradation of larger plastic debris, often
due to improper waste disposal or environmental
breakdown (Acarer, 2023; Xuyang et al., 2025;
Zhuo et al., 2024).

Packaging accounts for approximately 40% of
global plastic production, with 60% of that used
specifically for food and beverage applications
(Ceballos-Santos et al., 2024). Conventional
plastics such as polyvinyl chloride (PVC),
polypropylene  (PP),  polystyrene  (PS),
polyethylene terephthalate (PET or PETE), low-
density polyethylene (LDPE) or high-density
polyethylene (HDPE) contain  additives
(stabilizers, plasticizers, foaming agents,
colorants, etc.) which, although improving the
properties of the material, are known to be
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endocrine  disruptors  and  carcinogens
(Rajvanshi et al., 2023). Additionally, many
plastics contain environmentally —harmful
compounds such as flame retardants, phthalates,
bisphenol A (BPA), and heavy metals (e.g., lead
and cadmium), which can leach into the soil,
contaminate ecosystems, and bioaccumulate in
living organisms (Martinez-Narro et al., 2024).
Conventional plastics are advantageous for
storage, use and transport, but not for disposal,
as they degrade slowly, in approximately 500
years (Martinez-Narro et al., 2024). Currently,
petroleum-based plastics are more cost-effective
than those derived from renewable sources, but
when external costs and future optimization are
taken into account, the price of fossil-based
polymers is expected to increase by 44%
compared to bio-based polymers (Jiao et al.,
2024).

In terms of environmental impact, conventional
MPs degrade slowly and thus have a lower
immediate impact on soil microorganisms;
however, this same persistence increases their
potential for long-term bioaccumulation and
toxicity in soil fauna (Fei et al., 2024). Although
petroleum-based plastics are known for their
accessibility, durability, and adaptability, their
widespread use continues to fuel the generation
of persistent environmental pollutants and the
ongoing accumulation of plastic waste (Jiao et
al., 2024).

BIOPLASTIC, AN ALTERNATIVE TO
CONVENTIONAL PLASTICS:
SUSTAINABLE STRATEGIES

Recognizing the complexity and emerging
concerns surrounding biodegradable
microplastics, it is important to understand their
impact on the environment (Shi et al., 2024).
Bioplastics are polymers derived from natural or
renewable sources that can be either
biodegradable or non-biodegradable (Kumar et
al., 2024). Importantly, bioplastics are not
exclusively based on biological sources; they
may also originate from fossil fuels. As such,
there are four main categories (Jiao et al., 2024;
Vigneswari et al., 2024):

Bio-based biodegradable;

Bio-based non-biodegradable;

Fossil-based biodegradable;

Fossil-based non-biodegradable.
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Not all bioplastics are entirely composed of
natural materials or guaranteed to be
biodegradable. Therefore, understanding their
classification is essential when evaluating their
environmental benefits. An overview of the
major classes of bioplastics is presented in
Figure 1, which summarizes their source
materials and degradation characteristics.

The four major bioplastic categories include:
Bio-based biodegradable bioplastics such as

polylactic acid (PLA),
polyhydroxyalkanoates (PHA),
polyhydroxybutyrate (PHB), and starch
blends.

Fossil-based biodegradable bioplastics such
as poly(butylene adipate-co-terephthalate)
(PBAT), polycaprolactone (PCL),
poly(butylene succinate) (PBYS),
poly(butylene succinate-co-adipate) (PBSA),
and polyvinyl alcohol (PVA).

Bio-based non-biodegradable bioplastics
including bio-based polyethylene (PE),
polyethylene furanoate (PEF),
polytrimethylene terephthalate (PTT), and
polyethylene terephthalate (PET).

Bio-based

PLA,
PHA,PHB,
Starchblends

Bio-based PE,
BEEERISIEE}

PBAT, PCL,
PBS, PBSA,
PVA

PEJER, PET;
PMMA, PVC

Fossil-based

Figure 1. Classification of plastics based on their origin
and degradability. Adapted from Shi et al. (2024) and
Vigneswari et al. (2024)

In line with current trends, the development of
eco-friendly plastics increasingly focuses on
low-cost and renewable raw materials as a
sustainable alternative to conventional petroleum-
based plastics. These bio-based materials show
great potential for application across multiple
sectors, including packaging, agriculture, and
biomedical industries (Rajvanshi et al., 2023).
Table 1 summarizes various biodegradable
alternatives to conventional plastics, outlining
their applications, key advantages, and
limitations.
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The primary advantages of bio-based polymers
stem from their renewable and low-cost sources.
However, cost feasibility is a challenge for the
commercial viability of bioplastics. For
example, the use of PHA in various applications
remains limited due to the high production costs
and the high cost of substrates for PHA
production (refined carbon origins, sugars, oils,
organic acids and fatty acids). Current studies
present methods to reduce the cost of PHA
production such as the use of renewable
substrates, the use of cheaper carbon sources
from industries (biodiesel, agriculture, dairy and
animal processing). Less expensive substrates
for PHA synthesis must be accessible, available

in sufficient quantities, stable and resistant to
microbial spoilage, and easy to store (Hadri et
al., 2025).

Bioplastics derived from biological materials—
such as starch, cellulose, vegetable oils, fats, and
microorganisms—are  generally  non-toxic,
easier to recycle, and faster to degrade than
conventional plastics. They contribute to energy
savings, reduce waste volume and landfill space
requirements, and help lower greenhouse gas
emissions, making them promising solutions
due to their abundance and biodegradability
(Khan et al., 2025; Mutmainna et al., 2025;
Vigneswari et al., 2024).

Table 1. Alternative bio-based for conventional plastics

Biodegradable

materials

Advantages

Disadvantages

Applications

References

PLA

Biocompatibility, resistance to
fragmentation and good processability,
good mechanical properties, simple and
rapid degradation mechanism, gas
barrier comparable to that of polystyrene
and low-density polyethylene (LDPE).

Low degradability in water. Can
increase oxidative stress of
organisms, cause metabolic
disorders, growth limitations;
can adsorb heavy metals; higher
gas barrier than PET. The
cytotoxicity in human cell lines
remains limited.

Packaging  materials,
tissue engineering, drug
delivery, 3D printing,
face masks.

(Burada et al., 2015;
Fei et al., 2024; Hadri
et al., 2025; Jiao et al.,
2024; Kumar S. et al.,
2024; Niu et al., 2024;
Rajvanshi et al., 2023;
Wen et al., 2025)

PBS

Crystallinity, mechanical performance
equivalent to PP/PE, good
processability, thermal stability, simple
and rapid degradation mechanism.

Requires specific conditions for
biodegradation. Weaker
mechanical and physical
properties. The cytotoxicity in
human cell lines remains limited.

Packaging  materials,
compost bags,
biomedical  materials

and hygiene products.

(Fei et al., 2024; Hadri
etal., 2025; Kaur et al.,
2025)

PCL

Elastomeric, relatively crystalline and
suitable for modification, mechanical
properties comparable to other basic
plastics.

Requires specific conditions for
biodegradation.

Mulch  films, tissue
engineering, dressings,
drug delivery.

(Fei et al., 2024; Hadri
ctal., 2025; Kaur et al.,
2025)

PBAT

High flexibility —and  toughness,
biocompatibility, good processability.

Requires specific conditions for
biodegradation. The cytotoxicity
in human cell lines remains
limited.

Mulch sheets,
packaging materials and
shopping bags.

(Fei et al, 2024,
Mutmainna et  al.,

2025; Wen et al., 2025)

PHA

Eco-friendly, biocompatible,
biodegradable, moisture and heat
resistant, good gas barrier properties,
rigid.

Requires specific conditions for
biodegradation.

bags,
drug
and

Packaging,
containers,
delivery,  pens
hygiene products.

(Mutmainna et al.,
2025; Vigneswari et
al., 2024)

PGA
(Polyglycolic acid)

Crystalline, thermal stability,
degradability and biocompatibility.

good

The cytotoxicity of new
degradable polymers in human
cell lines remains limited.

Materials  for  drug
delivery and packaging.

(Chia et al., 2020,
Hadri et al., 2025;
Mogany et al., 2024)

One of the disadvantages of biodegradable MPs
is that they can accumulate cadmium, could
support certain microbial communities or could
inhibit microbial activity, could negatively
affect plant adaptability and animal physiology,
and their toxicity may increase with their
degradation (Shi et al., 2024). In addition,
biodegradable  plastics  require  specific
conditions for their mineralization (humidity,
temperature, pH, oxygen, light and the presence
of functional microorganisms) (Rajvanshi et al.,
2023), and failure to meet the conditions turns
bioplastics into a source of pollution (Shi et al.,
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2024), with prolonged periods being required
for the biodegradation process (Fei et al., 2024).
Biodegradable MPs have a higher adsorption
capacity and exhibit greater mobility than
conventional MPs, thus they promote the
transport of contaminants, affecting ecosystems
(Fei et al., 2024). Compared to conventional
plastics, bioplastics have poorer mechanical and
barrier properties, which limits their commercial
use (Dorofte et al., 2025; Kumar et al., 2024).

Recent studies also challenge the notion that all
bioplastics are inherently biodegradable. They
emphasize limitations such as the need for
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equivalence in production volumes relative to
conventional plastics and the requirement of
specific conditions for effective degradation.
Nevertheless, microbial degradation
technologies offer promising, environmentally
friendly avenues for managing bioplastic waste
sustainably (Roy & Chakraborty, 2024).

WASTE MANAGEMENT AND FOOD
PACKAGING INNOVATION FOR
SUSTAINABILITY

Urbanization has led to a significant increase in
food waste generation from various sources. In
this context, biomaterials derived from food
waste have emerged as promising alternatives
for plastic production due to their
biodegradability, biocompatibility, bio-stability,
and biofunctionality. Adopting a zero-waste
approach enhances both the sustainability and
the economic value of these by-products, while
contributing to a cleaner environment through
more effective food waste management
(Mutmainna et al., 2025).

One such example is vegetable starch, a
biodegradable biopolymer presents in various
food waste streams, which can be processed into
functional, environmentally friendly bioplastics
such as PLA (Hadri et al., 2025; Li & Chen,
2024; Mutmainna et al., 2025). Similarly, whey
proteins, a by-product of the cheese
manufacturing industry, are being utilized to
develop biodegradable packaging materials.
Their low cost, high biodegradability,
flexibility, and neutral taste and aroma make
them ideal for food applications (Dorofte et al.,
2025).

Waste from the meat and poultry processing
industry (bones, blood, eggshells, skin, tendons,
etc.) is used to produce polymers such as
collagen, chitin, PHA and gelatin, and waste
generated from dairy processing, grain
processing and fruit and vegetable processing
industries are also widely used for PHA
production (Rajvanshi et al., 2023). Also, food
waste from agriculture, fruits, vegetables and
plant by-products (banana peels, pineapple
peels, avocado seeds and durian seeds) offer a
sustainable solution to reduce plastic pollution
(Mutmainna et al., 2025). Other industrial by-
products such as glycerol, cellulosic materials,
molasses and waste oil are also used as
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alternative raw materials for
production (Rajvanshi et al., 2023).
The research trajectory is moving towards new
biodegradable and sustainable food packaging
solutions as alternatives to conventional
packaging, which can provide safe and quality
food, so mixing essential oils with bioplastics,
alternative to chemical preservatives, is a
growing trend for creating antimicrobial films to
conventional plastic used as packaging in the
food industry (Dorofte et al., 2024; Kumar et al.,
2024). Whey films functionalized with essential
oils have high potential for use on various foods
due to their antimicrobial and antioxidant
activities (Lanciu Dorofte et al., 2023).
Microbial polymers such as yeast and fungal
biomass, exopolymers such as kefiran from kefir
culture, bacterial cellulose, gellan and levan, are
capable of forming films, being used as
packaging materials (Bleoanca et al., 2025).
Despite their benefits, bioplastics derived from
plant waste often exhibit inferior mechanical
properties compared to conventional plastics.
However, these limitations can be mitigated
through innovative enhancements, such as the
incorporation of materials like chitosan,
polyvinyl alcohol (PVA), nanoparticles, or the
application of ultrasound treatments, which
significantly improve the structural and
functional ~ performance  of  bioplastics
(Mutmainna et al., 2025).

bioplastic

CIRCULAR ECONOMY,
SUSTAINABILITY AND PLASTIC
POLLUTION MANAGEMENT
STRATEGIES

Plastic waste management is one of the
imperative components of the circular economy
concept. This model seeks to transform the
traditional ~ linear  plastic  economy
characterized by a '"take, make, dispose"
approach - into a more sustainable system by
eliminating unnecessary plastic use, fostering
innovation, and promoting material
recirculation. This transformation aims to
reduce plastic leakage into the environment
while enhancing long-term  sustainability
(Mehta et al., 2025).

The efficiency of the circular economy is
supported by the integration of recyclable
materials and the transition to a circular
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economy is a central pillar of European
sustainable development to achieve successful
European goals (Georgescu et al., 2025).
Among its key objectives is tackling plastic
pollution by promoting recycling and reducing
waste generation (Buruiana et al., 2023).

The linear economy model is one in which
products are manufactured, used and disposed of
as waste, but the circular approach emphasizes
the importance of closing the loop by recycling
and reusing at every stage, to create a
sustainable system that maximizes resource
efficiency and minimizes environmental
pollution (Saxena, 2025).

Currently, mechanical recycling is still the main
plastic recycling process in Europe (Hsu et al.,
2022). Although waste-to-energy processes
(pyrolysis and gasification) convert plastic
waste into fuels or chemicals, promoting a
circular economy, the disadvantage is that they
generate carbon, a solid residue often deposited
(Khan et al., 2025). Compared to conventional
plastics, bioplastics can be completely degraded
under controlled conditions, reducing CO2
emissions. Recycling helps conserve resources,
reduce energy consumption and minimize the
carbon footprint associated with plastic
production (Fayshal, 2024).

However, several barriers hinder the widespread
adoption of recycling and circular strategies.
These include techno-economic challenges such
as the high cost and reduced quality of recycled
plastics, as well as legislative, social, and
cultural obstacles (Xuyang et al., 2025). An
emerging solution is the biodegradation of
plastics using microorganisms isolated from
landfills, which can break down plastics into
carbon dioxide, water, and biomass in an
environmentally friendly manner (Hsu et al.,
2022; Roy & Chakraborty, 2024).

Although  recycling  recovers  valuable
petrochemicals, recycled plastics have
disadvantages, such as significant emissions that
could be produced during transportation, lower
quality compared to new products, and energy
consumption. By using bioplastics, reducing the
use of unnecessary packaging, and adopting
environmentally friendly materials, the negative
environmental impact caused by plastics can be
effectively mitigated (Jiao et al., 2024).
Circular approach measures such as using
reusable products, transforming plastic waste
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into value-added products to improve socio-
economic conditions, or adopting a "zero waste"
lifestyle contribute to the transition towards
adopting sustainable practices, which is a
complex but necessary one (Bertolazzi et al.,
2024; Kaplan Sarisaltik et al., 2025; Roy &
Chakraborty, 2024).

CONCLUSIONS

Plastic and microplastic pollution in the aquatic
environment are one of the most urgent global
challenges, as it represents an undeniable threat
to marine ecosystems and human health. This
study presents an overview of the use of
sustainable bioplastics over conventional
plastics, with the aim of reducing the total
consumption of fossil-based plastics and their
waste, minimizing the devastating impact on the
environment and mitigating the harmful effects
of microplastic pollution.

Implementing sustainable strategies for the use
and disposal of synthetic polymers is essential,
as these materials are major contributors to
environmental contamination through the
continuous release of microplastics. While bio-
based materials offer a promising solution -
being more sustainable, durable, and aligned
with the zero-waste approach - their widespread
adoption still faces significant hurdles.
Addressing the challenges related to the
properties of bioplastics, their costs and their
biodegradability are essential for their
widespread adoption.

This review highlights both the advantages and
limitations of conventional plastics and bio-
based alternatives. Future research and
innovation in the field of bioplastic
development, biodegradation technologies, and
circular economy practices will be critical for
improving bioplastics’ market performance and
environmental impact. These efforts will play a
pivotal role in tackling the global plastic
pollution crisis and in advancing the broader
goals of sustainability and circular economy
adoption. Based on this review work, the
following ideas for future work are
recommended: exploring the development of
biodegradable plastic formulations with better
degradation efficiency in various environments,
streamlining the production costs of bio-based
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materials, and improving waste management
systems.
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Abstract

Monitoring landfill stability is critical in mining operations to prevent failures that could have significant environmental
and safety implications. Site characterization is a comprehensive approach to monitoring landfill stability in order to
conduct detailed geological assessments to understand the composition, structure, and physical properties of the tailing
material, to perform laboratory tests to assess the engineering properties, all these correlated with geodetic repeated
measurements. Techniques and instruments used in geodetic monitoring are chosen depending on the type of surveyed
displacement and level of accuracy required. Photogrammetric and remote sensing technologies play an essential role
in the detection and monitoring displacements and deformations, providing crucial support in the rapid and effective
management of these emergencies. These techniques allow for large-scale, continuous monitoring of slope movements
without requiring direct contact with the slope. This way, it ensures precise deformation monitoring, validates theoretical
models, enhances predictive capabilities, and supports safety, regulatory compliance, and environmental protection
efforts. A well-designed monitoring system not only ensures compliance with environmental regulations but also provides
valuable insights for designing effective mitigation and rehabilitation strategies.

Key words: displacement and deformation, environmental protection, geotechnical assessment, monitoring landfill
stability, photogrammetric and remote sensing technologies.

INTRODUCTION human  well-being),  energy  resources

(enhancing energy resource management),
Precise spatial measurement, a surveyor’s most climate (assessing, predicting, mitigating, and
traditional and well-known expertise, is crucial adapting to climate variability and change),
not only for monitoring climate change impacts ~ water (improving water resource management
but also for developing adaptation strategies. by understanding the water cycle), weather
Detailed topographic mapping, fundamental for (enhancing forecasting and warning systems),
land use planning and deformation monitoring, ecosystems (better management and protection
can be achieved through conventional surveying of terrestrial, coastal, and marine ecosystems),
techniques, laser scanning, or digital image agriculture (promoting sustainable farming and
analysis. The construction of new engineering combating desertification), and biodiversity
infrastructure to support climate change (monitoring, preserving, and understanding

adaptation depends on geodetic measurements - biodiversity).

such as levelling, total stations, and GNSS Romania adheres to Decision No. 766 of
technologies — complemented by visual November 21, 1997, which governs the
assessments and geotechnical data (Hannah et = monitoring of construction behaviour during
al., 2014). operation, investment phases, and post-usage.

At the 2002 World Summit on Sustainable Published in the Official Gazette No. 352 on
Development, nine key societal benefits of Earth December 10, 1997, this law applies to all types
observations were identified (United Nations of constructions and aims to evaluate their
publication, 2002): disaster management  technical condition while ensuring their
(minimizing loss of life and property from continued suitability for use. In the field of
natural and human-made disasters), health  construction and civil engineering, a tailings
(analysing environmental factors affecting landfill is a designated site for storing mine
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tailings, which are the residual materials left
after valuable minerals have been extracted
from ore. These tailings, typically consisting of
fine rock particles, water, and chemicals, are
often disposed of in large, controlled piles or
ponds.
Monitoring the stability of tailings landfill
slopes is essential in mining operations to
prevent failures that could lead to severe
environmental and safety consequences. Quality
in the construction sector is maintained through
the following measures (Hannah et al., 2014;
Caldera et al., 2016):
* Monitoring construction behaviour during
operation to ensure structural stability and

enable early detection of potential
degradations.

e Interventions involving construction work
aimed at maintaining or enhancing
operational efficiency.

* Post-usage management, including safe

demolition or in-situ abandonment, efficient

material recovery, environmental restoration,

and sustainability assurance.
The security and sustainability of a tailings
landfill are evaluated based on two key
engineering and environmental factors (Hannah
et al., 2014; Caldera et al., 2016; CRED, 2016;
VicRoads, 2021):
Geotechnical stability: Engineering design
must ensure that the tailings landfill remains
structurally safe, preventing catastrophic
failures such as tailings dam collapses.
Environmental impact: Effective
management of tailings landfills is crucial to
prevent pollution of nearby water sources,
soil contamination, and harm to wildlife. In
some cases, monitoring is necessary to detect
the release of hazardous substances like
heavy metals or cyanide.
A comprehensive approach to assessing landfill
slope stability involves site characterization
(Hannah et al., 2014; Caldera et al., 2016;
CRED, 2016; VicRoads, 2021):
* Geological surveys: Conducting thorough
geological assessments to determine the
composition,  structure, and  physical
properties of the tailing’s material.
Soil and rock testing: Performing laboratory
analyses (e.g., shear strength, consolidation,
and permeability tests) to evaluate the
engineering properties of the tailings.
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MATERIALS AND METHODS

Monitoring  tailings landfills —  large
accumulations of waste materials from mining
operations — is essential to ensuring
environmental safety, structural stability, and
regulatory  compliance.  Slope  stability
assessment relies on two complementary
approaches:  the  geotechnical  approach
(analytical) and the parametric approach

(measurable). A comprehensive and realistic
evaluation of tailings landfill stability requires
considering both perspectives (Caldera et al.,
2016; CRED, 2016; Gilbert Gedeon, 2021;
VicRoads, 2021). Slope stability and landslide
monitoring  involve identifying  specific
parameters and tracking their variations over
time. The two primary factors in this process are
groundwater levels and displacement. Slope
displacement is analysed based on failure plane
depth, direction, magnitude, and rate, with one
or more of these aspects being continuously
monitored.

Traditional slope monitoring employs either a
single method or a combination of techniques.
Piezometers measure water levels, while tools
such as surveyed surface monuments,
extensometers, inclinometers, and tiltmeters
provide insights into slope movement direction,
rate, depth, and failure plane extent.
Extensometers specifically help quantify
displacement magnitude. For long-term slope
monitoring,  manually  operated  probe
inclinometers are the most widely used
instrument (Caldera et al., 2016; CRED, 2016;
Gilbert Gedeon, 2021; VicRoads, 2021).
Effective waste landfill management requires a
combination of monitoring activities and
interventions to ensure both stability and
sustainability.

These approaches are divided into invasive and
non-invasive methods. Invasive methods
involve direct physical interaction with the
landfill mass, such as drilling, excavation, or
other intrusive processes. Non-invasive
methods enhance and assess landfill stability
without disturbing the waste mass, using remote
sensing, surface-based techniques, and indirect
monitoring measures. By integrating both
invasive and non-invasive strategies, tailings
landfills can be efficiently monitored and
stabilized, promoting long-term environmental
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and structural sustainability (Caldera et al.,
2016; CRED, 2016; Gilbert Gedeon, 2021;
VicRoads, 2021).

The typical workflow for tailings landfill
monitoring focuses on:

1. PLANNING AND PREPARATION

The monitoring of tailings landfills starts with a
site assessment, which involves identifying
specific risks related to the landfill, such as its
composition, size, slope, and proximity to
sensitive areas like water bodies or nearby
communities. This phase also includes defining
the monitoring objectives, which may focus on
detecting seepage, evaluating slope stability,
tracking dust emissions, or ensuring compliance
with safety regulations (Popa, 2012; CRED,
2016).

2. DATA COLLECTION

The data collection process employs a
combination of manual and automated
techniques to monitor various environmental
and structural conditions of the tailings landfill
(Figure 1). Routine monitoring is a systematic
process focused on assessing the technical
condition of the land or structures. Its primary
goal is to ensure stability during operation. If
certain  parameters  exceed  predefined
thresholds, special monitoring must be
implemented. This involves conducting regular,
periodic investigations on specific parameters to
assess deformations in the land, structures, or
specific components. Special monitoring
activities are typically defined during the project
planning phase or determined through technical
expertise (UTCB, 2009; Popa, 2012;
Buchmayer et al., 2021).
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Figure 1. Monitoring methods and instruments - classification by monitoring aspects

Visual Monitoring

Regular field inspections and surveys play a
crucial role in supplementing instrument-based
monitoring. Visual inspections help identify
early warning signs of instability, such as the
formation or expansion of surface cracks,
changes in vegetation or water drainage patterns
(which may indicate subsurface movement or
shifts in stability), and surface subsidence or
slumping. These issues are particularly common
in carbonate deposits due to karst features or
weathering (UTCB, 2009).

Geotechnical Monitoring

Geotechnical monitoring utilizes  various
instruments to continuously or periodically
measure ground movements, stresses, and other
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factors influencing slope stability.

The geotechnical parameters essential for

ensuring construction stability and safety can be

categorized into two main groups (UTCB,

2009):

o Environmental factors: These include water
levels, air temperature, water temperature at
various depths, solar radiation, and seismic
activity.

e Structural response measurements: These
depend on the type of construction. For
tailings landfills, key monitored parameters
include: absolute and relative displacements

of the landfill and  geotechnical
characteristics, particularly vertical
settlements  during  construction  and

operation, displacement between structural
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elements, temperature variations within the
landfill body, deformation and stress
conditions, crack development, infiltration
rates and the position of the infiltration curve,
pore water pressure within earthen sealing
elements, effective and total stress
conditions, and slope displacements and
infiltration through slopes.
Monitoring instruments must be deployed in
adequate numbers and at appropriate intervals to
detect abnormal behaviour. When irregularities
are observed, the data collected — combined with
field inspections should enable the
identification of underlying causes. In some
cases, additional monitoring tools may be
required (UTCB, 2009).
Advancements in technology, particularly the
Internet of Things (IoT), have significantly
enhanced traditional monitoring methods,
overcoming  challenges such as low
measurement frequency and time-intensive data
collection. IoT-based systems enable real-time
and precise tracking of changes in enclosure
structures, allowing for dynamic adjustments to
construction parameters and techniques (Figure
2). This adaptive monitoring approach provides
critical technical support by assessing the
stability of surrounding rock formations,
evaluating the reliability of primary supports
and secondary linings, refining support system
designs based on real-time data, determining
optimal timing for secondary lining installation,
and adjusting construction methods to enhance
overall structural safety and efficiency. By
integrating modern monitoring technologies,
construction teams can proactively address
stability concerns, ensuring the long-term safety
and sustainability of tailings landfills
(Buchmayer et al., 2021).
Global investigations focus on determining the
geophysical  structure and  geotechnical
characteristics of a tailings landfill, as well as
detecting water circulation within the landfill
and its surrounding environment. Piezometers
are used to measure pore water pressure within
weak soil layers, particularly inside slopes.
Installed in boreholes within the landfill or
slope, these instruments monitor fluctuations in
water pressure  within  carbonate  rock
formations. Elevated pore pressure can reduce
effective stress, potentially leading to slope
instability. In carbonate deposits, water
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infiltration through fractures or karst formations
can further contribute to slope failures.
Piezometer data is essential for tracking
groundwater conditions and assessing stability
risks (UTCB, 2009; Buchmayer et al., 2021.
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Figure 2. The use of modern technologies in monitoring
activities
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In addition to geotechnical monitoring
instruments, seismic activity monitoring is
critical for tailings landfills. Seismometers
record ground movement, measuring velocity
and acceleration, while seismographs track
acceleration over time. For comprehensive
seismic monitoring, devices should have three
measurement components and be installed at
three levels at least: the crest elevation of the
tailings landfill, the foundation level, and the
open field reference point. The interpretation of
seismic data and application of results must be
conducted by qualified specialists to ensure
accurate risk assessments and effective
mitigation strategies (UTCB, 2009; Buchmayer
etal., 2021).

Geodetic Measurements

Field surveys are commonly conducted using

geodetic methods and instruments such as

levelling, total stations, and GNSS systems,
which enable the detection of surface
movements over time. The Monitoring Geodetic

Network (MGN) consists of two main

categories of points (Figure 3) (Popa, 2012):

o Reference points: These are further classified
into three types: survey points — directly used
for monitoring the targeted structure, control
points — assess the stability of survey points,
and orientation points — provide geodetic
network alignment. Reference points must
meet several essential criteria: ensure long-
term stability and reliability, be strategically
positioned to enable precise and accurate data
collection, be placed on solid, stable
geological formations to prevent movement-
related distortions, and be located in areas
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where  groundwater levels do  not
compromise stability.

Object points: These points must also fulfil
specific requirements: they should be
embedded  within  the  load-bearing
components of the structure, and their
placement should align with the foundation’s
geometry and load distribution to ensure

accurate monitoring.
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Figure 3. The monitoring geodetic network

Techniques and instruments used in geodetic
monitoring are chosen depending on the type of
surveyed displacements and deformations, and
level of accuracy required.

Photogrammetry

Photogrammetry plays a significant role in slope
stability monitoring by providing accurate,
detailed, and often real-time measurements of
changes in the surface geometry of slopes, being
preferred over traditional methods.
Photogrammetry contributes to surface change
detection (comparing models over time,
deformations, cracks, subsidence, or bulging
can be revealed — key signs of instability).
Photogrammetry allows the surveying of
extensive or dangerous terrains without needing
physical access, ensuring safety while capturing
critical data. The outputs of repeated surveys
can be integrated into Geographic Information
Systems (GIS) for more advanced geotechnical
analyses and risk mapping. Photogrammetry is
an effective method for monitoring terrain
displacement, particularly useful for generating
3D models of slopes through photographic
imagery. Multiple aerial or ground-based photos
are combined to create detailed models of the
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landfill slope. By comparing models taken at
different times, any changes in the slope can be
identified. This technique is particularly useful
for detecting surface cracks, erosion, and
slumping in carbonate deposits (Hannah et al.,
2014; Dimen et al., 2024).

Photogrammetry combines precise visual data
with geospatial analysis, making it ideal for both
large-scale and localized environmental
monitoring projects (Hannah et al., 2014; Dimen
etal., 2024).

Photogrammetry and unmanned aerial vehicles
(UAVs) are closely linked, with UAVs
enhancing photogrammetry by providing a
versatile and efficient platform for capturing
aerial imagery, which serves as the foundation
for photogrammetric analysis (Hannah et al.,
2014).

A UAV (drone) can operate autonomously or be
controlled remotely. Equipped with
technologies like GNSS, cameras, sensors, and
specialized software for tasks such as collecting
data from hard-to-reach areas, UAVs are
increasingly utilized in monitoring (Hannah et
al., 2014).

The imagery captured by UAVs is processed
using photogrammetry software to create 3D
models, orthomosaics, and contour maps.
Advanced algorithms use overlapping images to
triangulate points and generate accurate spatial
data, which is then correlated with other field-
collected information (Hannah et al., 2014).
Though, there are a few challenges which
should be kept in mind. Photogrammetry
requires good lighting and clear views
(vegetation can be a problem), while accuracy
depends heavily on ground control points and
the camera quality and processing software.
Photogrammetry  mostly  tracks  surface
movement, not internal slope deformations (for
subsurface issues, photogrammetric surveys still
need to be correlated with geotechnical
measurements).

Remote Sensing

Modern remote sensing technologies play a
crucial role in detecting and monitoring
displacements and deformations in tailings
landfills. These technologies support rapid and
effective management, enabling large-scale,
continuous monitoring of slope movements
without direct contact. This is especially
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valuable for monitoring expansive landfill
slopes in mining operations (Hannah et al.,
2014; Dimen et al., 2024).

When satellite data is combined with aerial
imagery and field measurements, it provides an
accurate and comprehensive view of the
monitored area. This data is crucial for
coordinating adaptation strategies, responding
to emergencies, and optimizing resource
allocation. It also aids in planning operational
measures and predicting future behaviour
(Dimen et al., 2024).

Real-time Monitoring

A real-time monitoring system continuously
collects data and provides alerts for any
significant changes. The goal of such systems,
especially for mining waste landfills, is to
ensure safety, environmental compliance, and
operational efficiency. Real-time data helps
detect even small, progressive slope movements
before they escalate into major failures,
allowing for prompt mitigation actions in cases
of structural instability, excessive seepage, or
environmental contamination (UTCB, 2009;
Buchmayer et al., 2021).

In addition to geotechnical, hydrological, and
environmental sensors, real-time monitoring
systems should include GNSS and total stations
for precise surface movement monitoring.
These sensors continually collect data on
various parameters, with wireless
communication  networks (e.g., 4G/5G,
LoRaWAN, or satellite links) transmitting the
information in real-time to central monitoring
stations or cloud-based platforms. Specialized
software analyses incoming data to identify
anomalies and trends. Machine learning
algorithms or predefined thresholds can trigger
automated alarms when critical conditions are
detected (Buchmayer et al., 2021).

The data is displayed on user-friendly
dashboards featuring charts, maps, and 3D
visualizations. Stakeholders are notified via
SMS, email, or other notification systems when
thresholds are exceeded. Real-time data is also
integrated with weather monitoring, geological
models, and remote sensing data (such as from
drones or satellites) for a comprehensive
analysis (UTCB, 2009; Buchmayer et al., 2021).
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Interpretative algorithms are absolutely crucial
when it comes to predicting landfill slope
failures, especially when working with large,
complex datasets. Modern monitoring methods
produce huge datasets (e.g. point clouds,
images, displacement maps). Algorithms
process, analyse, and filter this data efficiently,
identifying meaningful patterns or anomalies
that humans would miss. There could be early
warning signs, like subtle slope movements
(millimetres of displacement), that can be an
early indicator of impending failure. Algorithms
can detect these small changes over time, often
earlier and more accurately than manual
inspections. By learning historical deformation
patterns, algorithms can predict future
behaviour, recognizing acceleration trends that
precede a collapse. Moreover, algorithms can
combine various factors (e.g. displacement
rates, rainfall data, soil type, slope angle) to
quantify failure probabilities, turning subjective
assessments into objective risk metrics, aiding
decision-making. Interpretative  algorithms
interpret incoming data in real time. If critical
thresholds are crossed (e.g. displacement rate
suddenly doubles), the system can trigger alarms
immediately (Buchmayer et al., 2021).

By continuously monitoring the landfill, real-
time systems enable proactive risk management,
providing ongoing insights into structural,
environmental, and operational conditions. This
technology  supports  sustainable,  safe
management practices, reduces risks to human
life and the environment, and improves
decision-making (Caldera et al., 2016; CRED,
2016).

3. DATA
MANAGEMENT
Data from different type of sensors and
monitoring devices are consolidated within a
centralized system, often referred to as a
Supervisory Control and Data Acquisition
(SCADA) system or a similar platform. This
system enables real-time monitoring and
triggers alerts in response to abnormal readings,
such as unusual seepage or deformation (Figure
4) (Buchmayer et al., 2021).

TRANSMISSION AND
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4. DATA ANALYSIS

For thorough analysis and interpretation, field-
collected data is integrated by combining
outputs from various instruments using
specialized software designed for analysis and
stability assessments. The data is then processed
and interpreted to uncover patterns, trends, and
potential issues. To create a 3D model of the
tailings landfill for further analysis, the collected
data must be processed using specific modelling
software. Interpolation techniques are often
required due to challenges in data acquisition
and the limited number of measurement points.
Most modelling software provides users with
various interpolation methods to choose from.
Before selecting the most suitable spatial
interpolation technique, it is essential to evaluate
the assumptions and characteristics of each
approach, along with the spatial properties and
analysis of the data (Herban & Alionescu,
2012).

Several factors influence the accuracy of Digital
Elevation Models (DEMs), including sampling
density for contour derivation, the vertical
spacing of contours, the grid cell size of the
DEM, field complexity, and spatial filtering.
Advances in terrestrial measurement technology
have significantly improved accuracy, enabling
the development of models that can be utilized
in deformation analysis and predicting the future
behaviour of the tailings landfill (Figure 5)
(Herban & Alionescu, 2012).
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Figure 5. Digital elevation model and contour lines
(Herban & Alionescu, 2012)

Data Quality Control

Data cleaning is essential to eliminate outliers or
erroneous values, often caused by sensor
malfunctions. The validated data must align
with known benchmarks and expected ranges
for parameters like pH, temperature, and
deformation (Welsch & Heunecke, 2005; Popa,
2012).
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The relation between geotechnical parameters
(e.g., pH, temperature) and landfill slope
stability is indirect but significant, because they
influence the geotechnical behaviour of the
waste material, leachate chemistry, and
biological activity, all of which affect how
stable the landfill slope is. Low pH accelerates
the breakdown of organic materials leads to
weaker waste material, and, therefore, higher
risk of slope failures. On the other side, a neutral
or high pH leads to more chemically stable
environment and more stable slopes. High
temperatures are more often met in case of waste
weakening and could be an early sign for slope
instability.

Statistical and Geospatial Analysis
Statistical methods, such as regression and trend

analysis, are applied to detect significant
changes in tailings behaviour, including gradual
slope shifts or sudden seepage spikes.
Environmental conditions, like rainfall or

temperature, are correlated with variations in
tailings characteristics, such as water chemistry
and seepage rates. Geographic Information
System (GIS) software enables mapping of
monitoring points to visualize spatial patterns,
like areas of excessive settling or deformation.
By  overlaying  environmental = data—
groundwater and surface water quality—onto
topographical maps, risks of contamination can
be assessed (Welsch & Heunecke, 2005; Popa,
2012).

During analysis, the tailings landfill is treated as
a unified system, fully monitored to identify
displacements and deformations over time.
Repeated measurements relative to the
surrounding environment form the basis for
determining absolute displacements (Welsch &
Heunecke, 2005; Popa, 2012).

To forecast future evolution with maximum
accuracy, displacement and deformation models
are developed by analysing changes over time
and space. These models incorporate causal
forces, such as internal or external stresses,
which drive the displacements and deformations
(Nikoli¢, 2009).

A practical method involves integrating
observation-based analyses to study
displacements and deformations. This includes
geometric  state analysis and  physical
interpretations that identify dynamic processes.
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"Integrated analysis" refers to merging
geometric evaluations with predictive models
(Welsch & Heunecke, 2005).

The synergy between geodetic repeated
measurements and parametric modelling is
pivotal for effective tailings landfill monitoring
and management. Geodetic measurements yield
high-resolution spatial data on deformations,
while parametric models contextualize these
measurements, integrating geotechnical and
environmental factors. By combining these
approaches, deformation trends can be precisely
analysed, risks predicted, and future behaviours
simulated under varying conditions (Welsch &
Heunecke, 2005; Popa, 2012).

This integrated framework validates theoretical
models while enhancing safety compliance and
environmental stewardship. It enables proactive
identification of hazards - like seepage or slope
failures - that may lead to contamination or
ecological damage. Ultimately, the correlation
fosters a robust risk assessment strategy,
supporting informed decision-making and
resource optimization to protect human lives,
infrastructure, and the surrounding ecosystem
(Welsch & Heunecke, 2005; Popa, 2012).

Predictive Modelling, Alarm Systems and
Thresholds

Historical data is utilized to develop predictive
models that can anticipate issues such as tailings
dam failure, seepage migration, or structural
shifts. These models support proactive
management and the establishment of early
warning systems. Key parameters, such as
maximum allowable pore pressure or ground
displacement, are assigned thresholds. If these
thresholds are exceeded, alarms are triggered to
alert the management team to potential risks
(Welsch & Heunecke., 2005).

5. REPORTING AND DECISION MAKING

Reporting  involves  generating  regular
summaries of monitoring data and analysis.
These reports typically include visual

representations, such as graphs, charts, and
maps, alongside an assessment of trends and
anomalies. Recommendations for mitigation
measures or further monitoring are also
provided. Ensuring regulatory compliance
involves meeting environmental regulations,
standards, and submitting the necessary reports
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to local authorities or regulatory bodies (Welsch
& Heunecke, 2005; Caldera et al., 2016; CRED,
2016).

Based on these analyses, the management team
may implement actions such as modifying the
operation of the tailing’s facility, strengthening
the structure, or initiating deeper investigations.
After each monitoring cycle, it is crucial to
review the system's effectiveness. This review
assesses whether the data collected is sufficient
and accurate, prompting adjustments to the
monitoring  strategy ~ where = needed—for
example, adding sensors or altering data
collection intervals (Welsch & Heunecke, 2005;
Caldera et al., 2016; CRED, 2016).

As technologies advance, adopting new
monitoring tools and analytical techniques
should be considered to enhance accuracy and
efficiency in the monitoring process.

RESULTS AND DISCUSSIONS

Ensuring the stability of landfill slopes in
carbonate deposits requires a combination of
instrumentation, remote sensing, and
geotechnical modelling. The unique
characteristics of carbonate formations - such as
fractures, karst features, and susceptibility to
water infiltration - necessitate a comprehensive
monitoring approach to maintain safety and
stability. Continuous data collection from these
methods enables the early detection of potential
failures, allowing for proactive mitigation
(Welsch & Heunecke, 2005; Caldera et al.,
2016; CRED, 2016).

A multi-faceted approach is essential for
monitoring tailings landfill slope stability,
integrating traditional geotechnical techniques
with modern technology. By implementing a
robust monitoring program, mining operations
can significantly reduce risks associated with
tailings storage, enhancing both safety and
environmental protection (Welsch & Heunecke,
2005; Caldera et al., 2016; CRED, 2016).
Integrating geodetic repeated measurements
with parametric modelling plays a critical role in
monitoring tailings landfills, which serve as
storage areas for mining waste. This integration
delivers precise, timely, and actionable insights
into the structural stability, integrity, and
environmental impact of the landfill. Key
advantages of this correlation include (Welsch
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& Heunecke, 2005; Caldera et al., 2016; CRED,
2016; Gilbert Gedeon, 2021; VicRoads, 2021):

Geodetic measurements provide high-
precision spatial data on  geometric
displacements, while parametric modelling
aids in understanding the behaviour of the
landfill. Together, they enable the detection
of deformation trends and early identification
of anomalies signalling potential instability.
Combining high-precision geodetic tools
(e.g. GNSS, LiDAR) with robust modelling
and uncertainty analysis is crucial in early
warning systems. Thus, minor inaccuracies in
measurement or modelling can mask critical
pre-failure displacements, especially in
systems like landfills where early
deformations may be subtle but significant.
Small but persistent inaccuracies can lead to
misinterpretation of long-term trends, such as
poor resolution or incorrect model calibration

that may suggest stability even when
precursors to failure exist.
Discrepancies between observed

measurements and model predictions can
highlight areas for model improvement or
uncover hidden risk factors. Geodetic
deformation  analysis  helps  validate
parametric models, while tailings landfill
conditions and responses are simulated based
on their characteristics.

Localized geodetic displacements may
indicate risks, such as slope failures or
seepage. By considering material properties,
loading conditions, and environmental
factors, this approach develops a complete
risk profile, combining empirical
observations with theoretical assessments for
more informed decision-making.

Regular monitoring and reporting are often
required to meet regulatory standards.
Incorporating geodetic monitoring within
parametric models enhances communication
with regulators and stakeholders by
providing evidence-based assurances of
safety and stability. This practice minimizes
the risk of overdesigning stabilization
measures or underestimating risks, ensuring
optimized resource allocation.

A general monitoring strategy for tailings
landfills should support sustainable mining
by addressing environmental hazards
proactively.  Monitoring  displacement
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patterns can reveal potential pathways for

seepage or contamination. Simulating
environmental  impacts  enables  the
development of effective containment

strategies, further reinforcing environmental
stewardship.

CONCLUSIONS

Romania complies with legislation regarding the
monitoring  of  construction  behaviour
throughout all phases of its life cycle — pre-
usage, exploitation, and end-of-life. In case of
inactive landfills, as construction in the third life
cycle phase, a long-term stability assessment is
still required, in order to ensure residual waste
continuity to settle safely without causing
surface  deformation or failure, while
environmental monitoring involves continuous
tracking of groundwater, air quality, and
leachate for decades.

Therefore, monitoring through all life cycle
phases ensures the landfill does not become a
long-term environmental or structural hazard. It
protects ecosystems, human health, and
investments while enabling informed decision-
making.

Monitoring a landfill using both geodetic
methods  and  geotechnical  parameter
measurements is essential because each
approach provides complementary information
crucial for understanding and managing stability
risks. This approach brings more benefits, such
as a comprehensive understanding of landfill
stability, early warning and risk mitigation,
improvement in data reliability and confidence
in decision-making, more accurate predictive
modelling for stability assessments, and
ensuring compliance and enhancing public and
environmental safety.

A range of sensors, including vibrating wire
piezometers, electrolytic bubble inclinometers,
and tiltmeters, are commonly used to monitor
groundwater levels and ground movement for
slope stability assessments. Recent advances in
electronic technology, coupled with reduced
costs, have made remote monitoring a highly
efficient and cost-effective tool for evaluating
slope stability.

The workflow for monitoring tailings landfills is
a multi-step process involving meticulous
planning, the use of advanced monitoring
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equipment,  systematic data  collection,
comprehensive analysis, and ongoing reporting.
This structured approach helps identify risks
early, enabling prompt action to prevent
environmental damage and ensure community
safety.

In summary, the integration of geodetic repeated
measurements with parametric modelling
establishes a synergistic framework for tailings
landfill monitoring. This integration provides
accurate deformation assessments, validates
theoretical ~models, improves predictive
capabilities, and bolsters efforts in safety,
regulatory compliance, and environmental
protection.

Environmental monitoring for water, air, and
soil should follow an integrated approach rather
than operating separately. This ensures a holistic
management strategy through:

Identifying relationships between pollutants
across water, air, and soil systems.

o Utilizing real-time data to detect
contamination at an early stage and prevent
its spread.

e Implementing actions like containment

barriers for water and soil, dust suppression
systems for air, water treatment methods
such as filtration, reverse osmosis, or
chemical neutralization, and soil
rehabilitation through phytoremediation or
amendments.
Monitoring tailings landfills is crucial for
minimizing environmental and public health
risks. A thoughtfully designed monitoring
system not only ensures compliance with
environmental regulations but also provides
valuable insights to develop effective mitigation
and rehabilitation strategies. Continuous
evaluation of environmental conditions allows
stakeholders to preserve ecological balance and
promote sustainable mining practices.
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Abstract

Carbon capture and storage (CCS) is a technology designed to reduce greenhouse gas emissions by capturing CO; from
industrial processes or power generation and securely storing it in geological formations. Bdile Lazdresti serves as a
promising natural laboratory for studying the environmental effects of potential CO; leakage from an anthropogenic CO;
storage site and for testing monitoring solutions. One effective method for environmental monitoring of CO; geological
storage involves soil flux and soil gas surveys, which can identify potential CO; leakage points by determining the natural
variability of CO; flux. Since 2019, several soil flux surveys have been conducted at Bdile Lazaresti across different
seasons, combined with soil-gas measurements. By analyzing seasonal CO; variation along with geological knowledge,
we have determined the natural variability of post-volcanic emissions and important for monitoring CO; geological
storage sites, aiding in the identification and understanding of potential leakage in the near-surface environment.

Key words: CO; geological storage, monitoring, natural laboratory, soil flux surveys, soil gas-surveys, leakage detection.

INTRODUCTION

Carbon capture and storage is an important tool
for reducing CO2 emissions (IPCC, 2022; IPCC,
2023) and it is expected to be deployed large-
scale to achieve the climate targets. From all the
components of the CCS chain, the storage seems
to be the most debated since there are some
public concerns related to the risks of storing
COz2 underground, although the storage occurs
in the deep environment at more than 800 m
depth. Environmental monitoring in this respect
is very important since it can easily demonstrate
the absence of leakage and its undesirable
effects in the environment (West et al., 2005;
Beaubien et al., 2008; Ziogou et al., 2013). One
important monitoring method which has been
successfully applied at all the current and past
storage projects is soil flux monitoring
(Beaubien et al., 2008). Its application was also
demonstrated on natural laboratories (Beaubien
et al., 2008; Ziogou et al., 2013), sites where
COz is leaking naturally, mostly related with
volcanic or post-volcanic activity. The study of
these sites can provide valuable insights on the
natural variability of soil fluxes and on the
migration pathways of COz2 in the near-surface
(Beaubien et al., 2008).
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In Romania, a promising natural laboratory can
be considered Baile Lazaresti site (Harghita
County). The site is located at approximately 16
km north-east from Bdile Tusnad and it is
renowned for its post-volcanic activity
(Pricdjan, 1974; 1985; Karatson et al., 2022).
The site was selected for further research as a
natural analogue for CO2 leakage in 2019 (Dudu
et al., 2021; Dudu et al., 2024) in the context of
a national research project. Several soil flux and
soil gas surveys have been conducted in the
following years in order to determine the natural
variability of COz soil fluxes and concentrations
and to highlight migration pathways,
contributing to the understanding of CO2
leakage mechanisms in the environment and
therefore to the design of monitoring for future
COz storage sites. During the last 6 years, the
site underwent significant landscaping projects,
which also complicated its assessment.

MATERIALS AND METHODS

Study area

The Gurghiu-Harghita post-eruptive chain
represents the most intense post-volcanic
manifestation in the Eastern Carpathians, with a
significant release of gases. The ascent of
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volcanic gases to the surface is favoured by deep
tectonics, through a complex crustal, regional,
and local fracture system, of which regional and
local fractures have different degrees of current
mobility (Airinei & Pricajan, 1972). The post-
volcanic emissions in the Lazdresti area
propagate along a system of deep fractures,
which are then taken over by surface faults.
These emissions are redistributed with varying
intensity throughout the entire sedimentary
volume of the Cretaceous flysch (Airinei &
Pricdjan, 1972).

From a lithostratigraphic perspective, the post-
volcanic emissions in the Lazaresti area traverse
a series of deposits, starting with the Cretaceous
flysch (Sanmartin-Bodoc strata, Barremian-
Albian) at the base, continuing with terrace
deposits (Mutihac, 1990). The Cretaceous flysch
(Barremian-Albian) is  characterized by
accentuated flysch features (pronounced
rhythmic alternations of rusty grey sandstones,
often bituminous, and shales), while lacking
marl-limestones. The flysch, with its low
permeability due to the alternating layers of
shale and sandstone, can act as a barrier, limiting
the free migration of gases. However, tectonic
activity and the presence of fractures within the
flysch can create pathways for volcanic
emissions to reach the surface. These fractures
and fault systems essentially create a "strati-
graphic screen," which can either trap or channel
gases depending on their alignment and
mobility. Quaternary deposits are terrace deposits,
composed of coarse sediments, locally or at the
base of the slopes covered with finer alluvium,
such as fine sands and sandy shales, marls, and
grey shales. The formation of carbonated
mineral water deposits in the region results from
the interaction of moffetic carbon dioxide with
the aquifer layers within the mentioned
geological formations. Additionally, the specific
hydrodynamic characteristics of the known
springs (sulfonated, ferruginous, etc.) are directly
influenced by the chemical composition of the
volcanic, flysch, Neogene and Quaternary
formations through which the groundwater
flows.

In 2019 several gas measurements were made
near important elements such as the dry and wet
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mofettes, mineral spring and therapeutic bath.
The level of CO2 emissions was determined to
reach more than 85% inside the dry mofette
cabin (Dudu et al, 2021). From the
measurements made across several location
across the site, it was decided to divide it into
two  perimeters, completely different
considering the level of emissions and the

presence and number of the gas vents (Figure 1).
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Figure 1. Location of study perimeters, reference points,
soil gas sample points and touristic features

The northern perimeter (P1) presents high CO2
emissions and many wet and dry gas vents,
including most of the touristic features such as
the baths used for therapeutic purposes and the
dry mofette. The southern perimeter (P2)
presents much lower emissions and includes a
wet mofette and some dry gas vents reduced in
intensity and area. This perimeter also was
mostly affected by an extensive landscaping
process over the years (see example in Figure 2
and Figure 3).
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1

Figure 3. Wet mofette in P2 (PS3) in 2024

Soil flux surveys

Starting with 2020, several field campaigns of
soil flux measurements have been conducted in
the dry (summer) and wet (autumn and spring)
seasons of 2020, 2022 and partially in 2024
(after the site underwent an extensive
landscaping project).

The most extensive surveys were made in 2022
(Figure 1). Several key points (reference points
in Figure 1) were monitored during all this time
to see the flux variation in time and its
dependence on hydrological regime. The soil
flux measurements were made using the closed
chamber accumulation method and were
conducted with a West Systems portable
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fluxmeter equipped with CO2, H2S and CHa
sensors (Figure 4).

Figure 4. Soil flux survey conducted with West Systems
portable fluxmeter in October 2022

The raw data was processed with FluxRevision
software and the calculated flux values were
interpolated using ArcGIS software to obtain the
maps showing the flux variation.

Soil gas surveys

Soil gas surveys were also implemented on
selected sample locations in 2020 and 2022.

In 2020, the soil gas measurements were done
during July and focused mainly around the
identified wet and dry mofettes of the site.

In 2022, the soil gas measurements were done
mostly on 2 selected profiles from P1 (including
a reference point) and on a reference point from
P2 located around the wet mofette. The
measurements were done using the Gas Data
GFM 436 portable gas analyser coupled with a
hardened steel probe from Durridge (Figure 7).
This ensemble allows measuring CO:2
concentrations at different depths, in this case
25,50 and 75 cm.

RESULTS AND DISCUSSIONS

Soil flux surveys

The extensive soil flux surveys from 2022,
conducted in the summer (dry) and autumn
(wet) season, shown a significant difference in
the level of CO: fluxes, most probably due to the
difference in the hydrological regime.

In the summer (July for P1 and August for P2),
the CO2 flux varied on P1 between 0.43 and 185
mol/m*day and on P2 between 0.20 and 178
mol/m%day (Figure 5). The highest CO2 fluxes
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on Pl were measured next north of the
therapeutic bath (where several smaller baths
exist), near the water spring and on the
alignment of the dry mofette cabin. On P2 the
maximum CO:z fluxes were measured near the
wet mofette and on the alignment of the water
spring.

July 2022

26°5711E 28°67T13°E.

Figure 5. CO; soil flux variation in July and August 2022

In October 2022 (Figure 6), CO2 flux shows
much larger values, between 0.17 and 893
mol/m%*/day on P1 and between 0.27 and 625
mol/m%day on P2. The maximum values are

located, as in the summer, around the water
spring, wet and dry mofettes on P1 and on the
alignment of water spring and bath and near the
wet mofette on P2.

265°5711°E 26°6717°E 26°6713°E

Figure 6. CO; soil flux variation in October 2022

The wvariation of fluxes recorded for the
reference points in 2020, 2022 and 2024, show
a clear difference between summer and autumn
seasons (Table 1).

Table 1. CO; flux values in the reference points measured in the surveys from 2020, 2022 and 2024

CO, flux CO, flux CO, flux CO, flux
Ref. point October 2020 July/August 2022 October 2022 September 2024
(mol/m?/day) (mol/m*/day) (mol/m?/day) (mol/m?/day)
PNI 130.2 1.994 262.1 3233
PN2 32.25 1.898 51.71 60.64
PS1 2.092 3.017 3.17 9.985
PS2 6.688 2.309 12.29 13.78
PS3 1.532 0.939 4.103 2.877

Soil gas surveys

As mentioned before, soil gas surveys from July
2020 have focused around the wet and dry gas
vents identified at the site. Two of the sample
stations measured then are corresponding with
the reference points PN2 (near the water spring)
and PS3 (near the wet mofette). For PN2, the
measured CO2 concentrations were 30.6% at 25
cm depth, 16.8% at 50 cm depth and 13.4% at
75 cm depth. For PS3, the measured CO:2
concentrations were 33.3% at 25 cm depth,
31.5% at 50 cm depth and 4.7% at 75 cm depth.
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The drop in CO:2 concentration with depth,
opposite to what have been expected, can be
explained with the water ascension in the steel
probe. At 25 cm depth, the measurement time
was stopped at 2 minutes, but for larger depths,
the measurement was stopped at 1 minute due to
water intake.

The same situation was encountered also in
October 2022 (Table 2), especially near the
water spring (SG 1), the smaller wet mofettes
(SG2 and SG3) from P1 and near the wet
mofette from P2 (SG11).
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Table 2. CO; soil concentrations in October 2022

Point CO; conc. (%) CO; conc. (%) CO; conc. (%)
25 cm depth 50 cm depth 75 cm depth

SG1 95.6 97.1 n.d.
SG2 9.5 2.2 95.9
SG3 97.2 22 4.6
SG4 1 16.8 2.4
SG5 11.9 2.7 3.6
SG6 0.7 0.3 80

SG7 8.7 96.3 96.7
SG8 133 96 27

SG9 35.8 38.8 11.8
SG10 2.3 7.2 12.3
SG11 71.2 0.3 0.1

For SGI1, due to water intake, the CO2

concentration could not be measured at 75 cm
depth, considering the specifics of the used
equipment. For SG6 and SG7, located north of
the water spring and very close to PN 1 (where
large CO: fluxes have been measured), the
increase of CO2 concentration with depth is
clear, having a normal variation in the absence
of water at depth.

For SG8 and SG9, the increase of CO2
concentration was measured at 50 cm depth, but
decreased rapidly at 75 cm depth together with
the water ascension. SG10, located north of the
dry mofette cabin, shows an increase of CO2
concentration with depth in the absence of
water. The most drastic drop of CO2
concentration with depth can be seen for SG11
(Figure 7), where water intake was higher than in
any other point.

Figure 7. Soil gas survey using Gas Systems portable gas
analyser and Durridge hardened steel probe next to a wet
mofette (SG 11) in October 2022
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CONCLUSIONS

During the 2022 campaign, measurements
highlighted significant fluctuations in COz2 flux,
both in terms of intensity (concentration) and
diffusion area. During the dry season (July-
August), CO2 emissions were relatively low. In
contrast, during the wet season (October), CO2
fluxes increased significantly.

These measurements suggest a correlation
between CO:2 emissions and the water regime,
with higher emission tendencies in the wet
season and lower ones in the dry season. The
diffusion of carbon dioxide occurs both at the
level of Cretaceous aquifer complexes (a
succession of sandstones, marls, and clays) and
Quaternary formations, as well as in non-aquifer
levels that generate dry mofettes.

Soil moisture plays an important role in how
COz diffuses through the soil. In wetter soils,
water aids in COz transfer, as moisture appears
to facilitate CO2 mobility, allowing it to migrate
more easily to the surface. In wet soils (such as
the marshy areas in the northern perimeter - P1),
porosity is higher, enabling better CO:2
circulation. As a result, CO2 concentrations in
the soil can increase since it can migrate more
easily to the surface. Conversely, in dry soils
(during the dry season), porosity may be lower,
restricting CO2 mobility, which leads to the
accumulation of COz2 at deeper levels.

The arrangement of the maximum fluxes
mapped, could be possibly associated with
migration pathways of CO:2 in the near
environment. Possible paths are distinctly
highlighted on a north to south direction on the
alignment of the water spring, of the therapeutic
baths and on the alignment of the dry mofette
cabin.

The soil gas surveys revealed a rather strange
correlation of CO2 concentration with depth. In
the dry sample locations, the CO2 concentration
increased with depth. In wet locations, the water
intake at 50 to 75 cm depth in soil decreased due
to water intake.

The studies conducted so far showed the
importance of determining the seasonal
variability of CO2 fluxes and concentrations for
establishing future monitoring solutions. Apart
from this seasonal variability, the hydrological
regime and landscaping can play very important
roles.
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Abstract

Agricultural activities generate substantial volumes of waste and by-products annually, primarily of plant origin, which
are either underutilized or not utilized at all. Through partial pyrolysis, these waste materials can be transformed into a
product known as "biochar (BCH)," which has potential applications in both agriculture and innovative construction
materials. This paper presents a comparative study examining the impact of BCH utilization in these two fields. Research
findings demonstrated beneficial effects on soil quality and crop yield improvement. Additionally, studies conducted on
cementitious composites incorporating 5-15% biochar revealed reduced density, increased open porosity, maintained
mechanical strength parameters, and thermal conductivity values that suggest the possibility of developing innovative
mortars with enhanced thermal resistance or suitable for manufacturing paving elements. Through this dual approach,
this paper aims to highlight the potential of transforming agricultural waste into valuable materials that benefit both
agriculture and the development of new, innovative, and environmentally friendly construction materials.

Key words: agricultural sub-products, benefits for agriculture, biochar, innovative cementitious composites.

INTRODUCTION biochar (BCH) as "a solid material obtained by
biomass carbonization" (Cha et al., 2016).
Globally, there is an ongoing transition from the Specifically, BCH is a sterile vegetable charcoal

linear economic model of "EXTRACT -  produced through thermochemical biomass
PRODUCE — CONSUME - DISPOSE", now  processing — pyrolysis at 400-900°C under
considered obsolete, to a circular model. This  limited oxygen conditions — which could

new approach focuses on reintegrating industrial address both identified challenges. BCH
and agricultural waste and/or by-products into contains 75-90% carbon and is characterized by
the production cycle, emphasizing increased extremely high porosity and superior adsorption
product durability and extended operational capacity. Its applications include use as an
lifespans (Ricciardi et al., 2020; Kebaili et al., agricultural soil amendment to enhance fertility,
2022). This transition addresses two key  an additive in animal feed, and a filtering
challenges: first, the need to find valorization medium for air, gases, and water (Chan et al.,
solutions for the large volume of biomass 2007).

generated by agricultural activities, and second, Currently, researchers are investigating BCH's
the necessity to develop new, innovative, and  potential in developing carbon-neutral concrete,
environmentally friendly sustainable materials  leveraging its ability to store atmospheric CO2
and technologies to reduce the construction (Winters et al., 2022; Gupta & Kua, 2018a; Choi
industry's environmental impact etal., 2012; Zhao et al., 2019; Cuthbertson et al.,
(Androutsopoulos et al., 2020). Using agro- 2019; Gupta & Kua, 2017).

industrial waste, which would otherwise be Some research shows that the rich pore structure
destined for landfills or incineration (Madurwar ~ of BCH causes it to absorb a large amount of
et al., 2013), presents an opportunity to prevent ~ water during the concrete preparation stage,
increased greenhouse gas emissions. The  which it then releases during the cement
International Biochar Initiative (IBI) defines hydration-hydrolysis ~ stage. This process
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promotes the secondary hydration reaction and
additional hardening, thereby increasing the
mechanical performance of cementitious
composites (Maljaee et al., 2021; Gupta et al.,
2018b; Chen et al., 2022a).

However, international research results remain
controversial.

Generally, it is reported that the beneficial effect
of biochar-type materials in cementitious
composites is optimal at a maximum addition of
5% in the composition, with higher quantities
hurting the composite's performance (Song et
al., 2023).

Some studies limit the mass percentage of BCH
addition in cementitious composites to 2%
(Maljaee et al., 2021), while others suggest that
it's possible to partially substitute up to 10% of
cement with BCH while maintaining the
physical-mechanical performance indicators of
both the cementitious composite (Hylton et al.,
2024) and cement-based agglomerated boards
(Chen et al., 2022b).

Regarding the effect of using BCH in
agricultural soils, studies have shown that poor
nutrient content and accelerated mineralization
of soil organic matter are the two major
constraints currently encountered in sustainable
agriculture (Zheng et al., 2010).

In recent years, there has been much evidence
that BCH is not only more stable than other soil
amendments but also that soil nutrient content is
higher compared to the effects of other
fertilizers (Lehmann & Joseph, 2009).
Numerous studies have reported improvements
in water capacity and retention when a rate of
0.5% BCH was applied, modifying porosity and
facilitating the formation of bonds and
complexes of cations and anions with metals and
elements in the soil, which improves nutrient
retention capacity (Suarau et al., 2016), while
reducing soil density (Mukherjee & Lal, 2013).
The increase in soil fertility also results from the
fact that the basic cations contained in BCH are
discharged into the soil, replacing Al and H+
and thus improving the cation exchange capacity
(CEC) of the soil (Cha et al., 2016), but also
through the influence on the dynamics of Soil
Organic Carbon (SOC), inhibiting the
degradation process and increasing the mean
residence time (MRT) in which organic carbon
remains in the soil, respectively, increasing the
processes of stabilization and retention of SOC
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(Suarau et al., 2016). At the same time, studies
have reported an increase, from 50% to 72%, of
biological nitrogen fixation in the soil and
increases in the yield of agricultural crops
(Suarau et al., 2016).

A recent statistical meta-analysis of global
results (Hartley et al., 2016; Zhang et al., 2016)
indicates a significant positive effect on
agricultural production yield, namely an
increase of 12%, simultaneously showing a
significant impact on soil performance
indicators (Schmidt et al., 2016).

For example, an analysis carried out on the use
of inorganic fertilizers in the cultivation systems
of small farmers in Africa shows that they often
become ineffective due to increased sensitivity
to fertilizer application.

The use of BCH, alone or in combination with
classical fertilizers (urea or di-ammonium
phosphate), had no effects on macrofauna, such
as beetles, centipedes, millipedes, termites and
ants, but attracted ecarthworms and led to
taxonomic enrichment of species as well as
increased corn production yield in the first 2
growing seasons, with no subsequent significant
effects in seasons 3 and 4 (Kamau et al., 2019).
Other studies (Mikajlo et al., 2024; Kammann et
al., 2016) indicate that good results were
obtained for soil treatment intended for lettuce
growth. Thus, it is shown that BCH applied by
simply spreading on the surface does not
necessarily lead to an improvement in soil
quality, but composted BCH, or BCH applied in
a mixture with compost, can lead to 3-6 times
higher growth of lettuce plants compared to
untreated soil. The study also indicates more
obvious results in soils with lower iron content.
Therefore, in recent years the use of BCH in
agriculture has become increasingly common,
as evidenced by countries such as Portugal,
Spain, Germany, Austria and Switzerland
(Calotescu, 2016; Zmaranda, 2019; Schmidt et
al., 2016), where very large quantities of biochar
are used to replace chemical fertilizers and
pesticides. Countries such as Belize, Cameroon,
Chile, Costa Rica, Egypt, India, Kenya,
Mongolia, and Vietnam are implementing
similar projects as discussed at the Biochar 2018
conference (IBI, 2018).

In this context, the purpose of this paper is to
present a parallel study on the possibilities of
using BCH in two apparently unrelated fields
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which, in this case, have in common the
possibility of implementing circular economy
principles on biomass residues.

MATERIALS AND METHODS

The research methodology followed two parallel
directions. Thus, on one hand, cementitious
composites with BCH addition were prepared, and
on the other hand, the development of three plant
species was monitored: radish (Raphanus sativus),
spinach (Spinacia oleracea), and garden lettuce
(Lactuca sativa) on a plot of land located in Salaj
County, where the soil was enriched with BCH.
The BCH used was obtained from vegetable
waste, produced by Explocom GK through the
slow pyrolysis process (temperature of 500°C,
residence time of 15 minutes) and is
characterized by the following parameters:
granulation 0-20 mm, pH 9, carbon content 70-
76%, volatile substances content 8-19%, ash
content 3-6%, and water content max. 12%. To
analyze the influence of BCH addition on the
performance of cementitious composites, 4
compositions were prepared: one control and
three compositions with BCH addition, using
Portland cement CEM 1 52.5 R, water, and
standardized polygranular sand (Table 1).

Table 1. Ratio of raw materials for the preparation of
cementitious compositions

Ratio Polygranula BCH
Sample Cement ! yeranu (% based on
water/ r sand
code (2) cement (@ cement
g quantity)

R-M
R-5BCH 5
R-I0BCH 450 0.5 860 10
R-15BCH 15

The indicators for quantifying the influence of
BCH on the performance of cementitious
composites were: density in the hardened state,
according to EN 1015-10:2002+A1:2007; water
absorption according to EN 1339:2004+AC:2006;
compressive strength and flexural tensile strength
determined according to EN 1015-11:2020; and
wear resistance (EN 1339:2004+AC:2006). At
the same time, an analysis of the influence of
BCH on the durability of cementitious
composites was carried out, namely an analysis
in terms of behavior after 25 freeze-thaw cycles
(EN 1339:2004+AC:2006) and 25 wet-dry
cycles (a wet-dry conditioning cycle was
performed by completing 8 h of air conditioning
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at a temperature of 21£2°C and 16 h of
immersion in 3% NaCl solution at a temperature
of 21£2°C). All tests were performed under
laboratory conditions, on sets of 3 prismatic
specimens 40x40x160 mm each, made by
casting in metal molds. After casting, the
samples were kept for 24 h in high humidity
conditions (90%), at room temperature (23°C),
then demolded, deburred, and kept under
controlled temperature and humidity conditions
in the climatic chamber until reaching the age of
28 days from casting. Finally, the influence of

BCH on the thermal performance of
cementitious composites was evaluated by
following the variation of the thermal

conductivity coefficient A (W/m-K). For this
purpose, 300x300x20 mm plates made by
casting from cementitious composites and
conditioned under conditions similar to the
prismatic specimens were used. Using the hot
plate method, a FOX 314 conductivity meter
was used for testing at a temperature difference
between the plates of 10°C, according to EN
12667:2002.

The research conducted to identify the influence
of BCH on plant growth performance was
carried out using soil collected from an
agricultural area in Sangeorgiu de Meses
locality, Buciumi commune, Silaj county. The
soil falls into the class of clinohydromorphic
black soils, with a concave appearance, having a
high humus content, a dark brown to black color,
and being slightly stony. This soil was prepared
for planting seeds of radish (Raphanus sativus),
spinach (Spinacia oleracea), and garden lettuce
(Lactuca sativa), by adding 5%, 10%, 15%, and
20% BCH (mass percentages in relation to the
amount of soil). BCH was used in the soil in
combination with Bio-pyrolytic condensate - a
biopyrolytic distilled product, representing a
solution of organic fertilizer (pyrolinic acid -
humic acid), a commercially purchased nutrient
intended for use on all soil types, dosed at 1ml/I
water/container, applied in odd weeks of
growth. An experimental greenhouse-type stand
was built in which containers with a capacity of
11 were placed, 3 for each type of plant and each
type of soil sample, with a set of 3 containers for
each type of plant being filled with soil without
the addition of BCH and considered as control.
In each container, purchased commercially, 5
seeds of the same type were planted and watered
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with 100 ml of water. Subsequently, at equal
intervals of 2 days, each sample was watered
with 50 ml of water, continuously monitoring
the temperature in the greenhouse, which was
kept constant at 25+2°C, and the degree of
sunlight was ensured equally for all samples by
their location. Plant growth monitoring was
carried out for 9 weeks from planting until they
reached a degree of development that no longer
allowed cultivation in the containers used. The
quantifiable monitoring indicator was the height
of the plants, measured using a graduated ruler
with a minimum division of 1 mm, reporting
average values of all plants of a species
developed in the 3 pots with the same type of
soil. The samples were assigned codes (Table 2).

Table 2. Sample coding system for plants grown with
different BCH concentrations

BCH BCH BCH BCH BCH

0% 5% 10% 15% 20%
Radish CR RS R10 RIS R20
Spinach | _ CS S5 S10 S15 S20
Garden | oy SVs SV10 SV1s SV20
lettuce

RESULTS AND DISCUSSIONS

Regarding the influence of BCH addition on the
performance indicators of  cementitious
composites, the experimental results indicate a
progressive reduction in apparent density, with
an increase in the amount of BCH, by 4.8%-
5.8% compared to the control sample.

Based on these results, a first benefit of using
BCH can be identified: reducing the mortar
density (Figure 1) therefore, in the case of'its use
as a construction material, reducing the load on
the construction's resistance structure.

2250
2200
2150
2100
2050
2000

Density (kg/m3)

ER-M  ER-5BCH R-10BCH mR-15BCH

Figure 1. Hardened bulk density
of cementitious composites

Regarding water absorption (Figure 2), the
results indicate increases in this indicator
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following the addition of BCH, without being
able to identify a direct correlation with the
amount of BCH added to the composite.

Water absorbtion (%)
[ I A© TR 7S T S ) e > )

=R-M =R-5BCH R-10BCH =R-15BCH

Figure 2. Water absorption of cementitious composites

However, correlating this information with the
variation of apparent density in the hardened
state, it can be concluded that both directions
provide indications leading to the hypothesis of
increased open porosity in mortars with the
introduction of BCH in the composition.

On the other hand, -correlating the
experimentally obtained results with the
references in standards EN 1338, EN 1339, and
EN 1340, which indicate a maximum water
absorption of 6% for prefabricated elements
such as tiles, pavers, and curbs, it can be noted
that, from this point of view, the analyzed
mortars successfully satisfy the condition of
resistance and durability to climatic factors
required for use in the production of such
elements.

These results correlate with the literature which
indicates the possibility of increasing the total
water absorption by up to 28% compared to the
control samples (Song et al., 2023).

From the point of view of BCH addition's
influence on the mechanical strengths of
cementitious composites (Figure 3) the results
indicate reductions of 30-40% in tensile bending
strength (from 10.4 N/mm? to min. 6.2 N/mm?),
and 26-47% in compressive strength (from 71.3
N/mm? to min. 37.9 N/mm?), while maintaining
sufficient performance to be classified as M35
or M50 masonry mortars according to EN 998-
2 specifications.

Comparing the experimental results with other
findings reported in the literature (30-50
N/mm?) (Roychand et al., 2023), it can be said
that they are consistent, with some cases where
the compressive strength of the laboratory-
tested cementitious composite is even better.
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Figure 3. Reduction in mechanical strength
of cementitious composites with BCH,
compared to the control sample

Although negative influences of BCH addition
on mechanical strength are identified under
laboratory conditions when cementitious com-
posites are subjected to freeze-thaw cycles
(Figure 4), a first beneficial effect is observed:
the reduction in mechanical strength following
freeze-thaw action occurs only in the control
composition, while composites with BCH show
slight increases in strength indicators. This
behavior suggests the possibility of improving
the durability of cementitious composites
through BCH addition.

25.00
20.00

15.00

10.00

5.00 I

0.00 - .
RM  R5BCH R-10BCH R-158CH

thaw cycles (%)

-5.00

Mechanical resistance
variation after freeze-

Rt (N/mm2) = Re (N/mm2)

Figure 4. Increase in mechanical strength
of control and BCH cementitious composites
after 25 freeze-thaw cycles

Similarly, the action of wet-dry alternation
cycles combined with the action of chlorine ions
in the immersion phase (wet), leads to a reduc-
tion in mechanical strength only for the control
composition, supporting the possibility of
improving durability by using BCH (Figure 5).
According to the literature (Chen et al., 2023), a
possible explanation for this phenomenon could
be found as a result of several processes that
occur when BCH is introduced into the
composite matrix:

- the incorporation of biochar into the
cementitious composite improves the pore
structure, dimensions, and distribution, which

leads to a reduction in capillary porosity. At the
same time, the macropore structure becomes
more independent, providing more space for
frozen water (this being the main factor that
induces internal stresses in the composite matrix
upon freezing), thus reducing the internal
stresses in the freezing phase and the loss of
mechanical strength (Gupta et al., 2020; Jia et
al., 2023; Qin et al., 2016);

25.00
20.00

15.00

10.00

5.00 I

0.00 - .
RM  R-5BCH R-10BCH R-15BCH

variation after freeze-
thaw cycles (%)

Mechanical resistance

-5.00
Rti (N/mm2) ®Rc (N/mm2)

Figure 5. Increase in mechanical strength of control and
BCH cementitious composites after 25 wet-dry cycles

- on the other hand, the porous structure of
BCH can store and, when necessary, slowly
release an amount of water necessary to reduce
the self-shrinkage of the cement paste,
promoting the hydration reactions of the
partially or unreacted cement granules,
densifying the material and thus improving
long-term properties and durability (Mo et al.,
2019). Additionally, it has been shown that the
BCH-cement paste transition zone (ITZ) can be
superior to that characteristic of sand particles,
which increases the yield of hydration product
formation (Mrad & Chehab, 2019);

- at the same time, studies have shown that the
incorporation of BCH into the composite matrix
strongly  contributes to increasing the
possibilities of storing CO2 and forming stable
calcium carbonate precipitates through rapid
reaction with the main compounds of non-
hydrated cement, tricalcium silicate (C3S) and
calcium hydrogen silicate (C-S-H) inside the
cement matrix, while promoting the process
through its function as a nucleating agent.
Subsequently, through the precipitation of
calcium carbonate, BCH will cause the filling of
pores and the reduction of the carbonation depth
(Liu et al., 2022), a similar effect being probably
possible on the penetration of liquids in the
freeze-thaw or wet-dry process in the presence
of chloride. This CO:2 absorption capability
could also improve indoor air quality, as recent
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studies have shown that CO2 levels in
multifamily buildings often exceed
recommended thresholds for a health-safe
indoor environment (Magurean & Petran, 2023).
The mass loss due to abrasion stresses is reduced
by modifying the mortar composition as a result
of the addition of organic waste subjected to
thermal treatments (mass loss of 13.6-17.2% for
samples with BCH, compared to 19.6% for the
control sample). However, given that the
addition of organic waste subjected to thermal
treatments results in a reduction in the density of
the material, it is considered that this indicator is
inconclusive and could lead to an erroneous
conclusion indicating an increase in wear
resistance. Therefore, two other indicators were
analyzed: the height loss of the sample and its
volume loss (Figure 6).
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Volume loss (mm?#/5000 mm?)

R-M R-5BCH R-10BCH  R-15BCH

AV (mm3/5000mm3) ®Ah (mm)

Figure 6. Height/volume loss of
specimens subjected to abrasion stress

It is thus demonstrated that with the addition of
BCH, the wear resistance of the mortars
decreases, increasing the height losses and
volume losses of the specimens. However,
analyzing the experimentally obtained results in
correlation with the series of standards EN 1338,
EN 1339, and EN 1340, specific to prefabricated
elements such as tiles, pavers, and curbs, it can
be said that mortars with the addition of BCH
meet the acceptability criteria in terms of wear
resistance, with maximum height and volume
loss limits being 2 mm and 11080 mm? / 5000
mm’, respectively.

It should be noted that the specialized literature
restricts the amount of heat-treated organic
waste to 1-2%, a maximum 5% mass
percentage, and the tests carried out addressed
substantially larger amounts of used waste.
This approach, assuming the risk of reducing

some  physical-mechanical  performance
indicators, allowed demonstrating the
achievement of the acceptability criteria
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specific to a specified field of use, in this case,
masonry mortars or compositions intended for
the manufacture of paving elements. At the
same time, corroborating the indicators relating
to the apparent density and water absorption
that lead to an increasing porosity with the
addition of BCH, with the thermal conductivity
coefficient (Figure 7), it is appreciated that the
addition of BCH contributes to improving the
thermal performance of the composites. Thus,
a possibility is foreseen to produce
cementitious composites similar to adhesive
mortars intended for the production of ETICS
thermal insulation systems whose thermal
conductivity coefficient generally falls within
the range of 0.08-0.11 W/mK. At the same
time, for cementitious composites containing
BCH, the mechanical strength indicators
support this possibility of defining a field of use
in the area of adhesive mortars intended for the
creation of ETICS thermal insulation systems.

0.150
0.100

0.050

0.000

Thermal conductivity
coefficient (W/mK)

mR-M ®=R-5BCH m=R-10BCH =R-15BCH

Figure 7. Thermal conductivity of
cementitious composites

Regarding the results of the program analyzing
the influence of BCH on plant growth, several
key elements were highlighted. After the first
week following seed planting (Figure 8), it was
observed that the control containers showed a
germination rate of 60% (3 shoots out of 5
seeds), while in containers with BCH-enriched
soil, the germination rate was 80-100% (4-5
shoots out of 5 seeds).

Figure 8. Plant development - week 1
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During the 9 weeks of monitoring, more
accelerated plant development was recorded,
regardless of plant type, in the soil enriched
with BCH (Figures 9-11).

Figure 10. Plant development - week 9

Compared to the control sample, radishes
showed a 6-fold more intense growth after 9
weeks with just 5% BCH addition, and for
additions of 10-20% BCH in the soil, the height
increase was 16.2%, 25.7%, and 35.1% more
intense.

In the case of spinach, a Gaussian evolution of
the benefit was observed, quantified by the
increase in plant height. In the range of 5-15%
BCH addition to the soil, after 9 weeks,
compared to the control, the plants were taller
by 16.4%, 23.6%, and 65.5%, respectively,
while for soil with 20% BCH, this indicator
was 30.9%. This Gaussian evolution was
maintained throughout all weekly
measurements, indicating that a 20% BCH
addition to the soil is not beneficial, with the
limit in the analyzed case being 15% BCH.

A similar evolution to spinach development
was also recorded in lettuce plants. For 5-15%
BCH, the plant heights were 8.1%, 21%, and
69.4% higher compared to the control after 9
weeks, while for soil with 20% BCH, this
indicator was 32.3% higher compared to the
control. Again, this Gaussian-type evolution
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was maintained throughout all
similarly indicating a limitation of 15% for
BCH addition to the soil.

9 weeks,

120.0
~100.0
80.0
60.0
40.0
20.0

0.0

Height (mm

Week
mRadishes CR mRadishes R5 #Radishes R 10
u Radishes R 15 8 Radishes R 20

a)

b)

Height (mm

B Garden Lettuce CGL ® Garden Lettuce GLS ®Garden Lettuce GL10
u Garden Lettuce GL15 = Garden Lettuce GL20

<)

Figure 11. Evolution of plant height during the 9 weeks
of analysis, based on the amount of BCH used:
a) radishes (R); b) spinach (S); ¢) garden lettuce

Similar results were also obtained by Goldan E.
and Nedefe V. (Goldan & Nedeff, 2020) in their
experimental research on winter barley plants in
open fields.

CONCLUSIONS

The purpose of this study was to analyze, in
parallel, possible directions for using plant
waste treated by partial pyrolysis, specifically a
biochar-type product, in two independent fields:
construction materials and agriculture. Based on
the experimental results presented, regarding the



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

influence of BCH addition in cementitious
composites, the following can be stated:
reductions in apparent density in the
hardened state were recorded simultaneously
with increases in water absorption, which could
be considered indicators suggesting an increase
in open porosity. Additionally, reductions in
mechanical resistance to compressive, flexural,
and abrasion stresses were recorded. However,
by correlating the obtained results with the
specific conformity indicators for tiles, pavers,
and curbs specified in the product standards EN
1338, EN 1339 and EN 1340, a preliminary
direction for identifying the field of use can be
determined, as cementitious composites with
BCH addition satisfy these criteria;

analyzing the durability indicators, namely
the loss of mechanical resistance following
exposure to freeze-thaw cycles and wet-dry
cycles under the action of chlorine ions, the
experimental results indicate a performance
improvement. More specifically, mechanical
resistance increases in cementitious composites
with BCH addition, unlike the control sample
whose mechanical performance is, as expected,
reduced following exposure to the test cycles.
Possible explanations can be found in the
scientific  literature, which identifies a
significant influence of BCH on the porosity of
cementitious composites, on the hydration-
hydrolysis mechanism of cement granules, on
the structure of the interfacial transition zone
(ITZ) between the cement paste and BCH
granules, and the potential for CO2 storage and
formation of stable calcium carbonate
precipitate. This precipitate forms through rapid
reaction with the main compounds of non-
hydrated cement and could fill the pores or even
the microcracks that appeared during the stress
period of the test cycles;

- regarding the influence of BCH on the
thermal conductivity coefficient, this indicator
showed improvement compared to the control
sample, which, correlated with the reduction in
apparent density and sufficient mechanical
resistance, can support the identification of a
new research  direction, namely, the
development of adhesive mortars intended for
ETICS thermal insulation systems of building
facades.
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Therefore, although the literature restricts the
amount of heat-treated organic waste to 1-2%,
with a maximum of 5% mass percentage, the
tests carried out addressed substantially larger
amounts of waste. This approach, while
assuming the risk of reducing some physical-
mechanical performance indicators, allowed the
demonstration of achieving acceptability criteria
specific to a particular field of use, in this case,
masonry mortars, compositions intended for the
manufacture of paving elements, or even
adhesive mortars specific to ETICS thermal
insulation systems.

Based on the experimental results presented,
regarding the influence of BCH addition to
agricultural soil, a positive influence was also
identified on the development of some food
consumption plants: radish (Raphanus sativus),
spinach (Spinacia oleracea), and garden lettuce
(Lactuca sativa). The experimental results
indicated an increase in germination rate from
60% recorded for the control samples to 80-
100% recorded for the soil samples with BCH
addition. Additionally, more accelerated plant
development was recorded, regardless of plant
type, in the soil enriched with BCH, noting that,
for the same development time interval, the
evolution of plant height depending on the
amount of BCH used in the soil can be
Gaussian-type, depending on the cultivated
plant type. Overall, a maximum limit of 15%
BCH amount is recorded, exceeding it (samples
with 20% BCH) may lead to reduced benefits in
terms of plant development (spinach and
lettuce).

In conclusion, based on the experimental results,
in addition to several benefits that prove the
possibility of valorizing plant waste and using
BCH in construction and agriculture, several
future research directions can be identified:
analysis of the influence of introducing BCH
into cementitious composite matrices not as an
addition but as a raw material substitute;
identification of maximum acceptable limits
for BCH use in cementitious composites,
depending on the expected field of use;
identification of correlations between soil
nature and characteristics, plant type, and
optimal BCH amount used to obtain maximum
benefits.
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Abstract

Urban air pollution poses significant public health risks, with airborne microorganisms contributing to air quality
concerns and respiratory illnesses. This study investigates the distribution of airborne microflora using a six-stage
cascade impactor. Samples were collected from three urban hotspots, three park areas, and a natural control site in Sofia,
Bulgaria. Microbial counts were analyzed across six particle size fractions to determine spatial distribution patterns.
Hotspots showed significantly higher microbial loads, especially in larger particle fractions (>7 um, 4.7- 7 um),
whereas densely forested green areas exhibited lower microbial levels with a shift toward finer fractions (2.1- 3.3 um,
1.1-2.1 um). Parks with minimal vegetation showed microbial patterns similar to hotspots. These findings underscore the
role of urban vegetation in mitigating microbial air pollution and highlight the importance of incorporating forested
green spaces into urban planning to enhance air quality and public health.

Key words: air microorganisms, air microflora, cascade impactor, green zone, hotspots.

INTRODUCTION and the Air Quality Index (AQI). Shammi et al.

(2021) observed distinct seasonal and diurnal
Clean air is essential for human and  variations in bioaerosol concentrations that
environmental  health. Urbanization and closely reflect patterns of human activity in
anthropogenic activities have significantly densely populated urban areas. Similarly, Yan et
degraded air quality, with particulate matter al. (2019) reported a strong correlation between
(PM) serving as an indicator of complex bacterial and micromycete concentrations and
pollutant mixtures. Recent studies suggest a the Air Quality Index (AQI). Their findings
correlation between PM levels and airborne  indicated that micromycete concentrations
microbial content (Mansour et al., 2014; gradually increased when the AQI was below
Palladino et al., 2021). Historically, air quality 200, whereas bacterial concentrations rose when
studies focused on inorganic contaminants due the AQI exceeded 200. However, the
to their abundance; however, interest in organic mechanisms underlying the increase in

components, including airborne microbial biota, ~ bioaerosols - particularly aerophilic
has grown (Friedlander et al., 2000). microorganisms - in response to air pollution
Airborne microorganisms - including bacteria,  remain unclear. One hypothesis is that elevated

micromycetes, actinomycetes, and viruses - can or extreme pollution levels primarily influence
remain suspended either freely or attached to the diversity and composition of airborne
dust particles (Stetzenbach, 2009; Lighthart, microbial communities (Fan et al., 2019). The
1997). Larger dust particles tend to harbor more viability of microorganisms within bioaerosols
microorganisms (Meklin et al., 2002). Research depends on various environmental factors,
conducted by Tignat-Perrier et al. (2019) has including climate and atmospheric chemistry
shown that airborne microbial communities are (Gong et al, 2020). Consequently,
influenced by ecosystem types and  understanding the microbiological structure and
meteorological conditions. Their concentrations composition of particulate matter is essential for
vary with air pollution levels, influenced by identifying potential disease transmission
factors such as dust storms, fog, biomass pathways and assessing risks to human health
burning, and traffic emissions. Seasonal and (Wang et al., 2019).

diurnal patterns in bioaerosol levels often reflect The primary objective of this study is to examine
human activity, and studies have found  the dynamics of airborne microflora across three
correlations between microbial concentrations urban hotspots and three park areas in Sofia,
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Bulgaria, along with one control site located in
the Vitosha Mountain. Specifically, the study
quantifies the total number of airborne
microorganisms in each sample and assesses
their distribution across six particle size
fractions, as determined by a cascade impactor.

MATERIALS AND METHODS

The study was conducted in early November
2024 at various locations in Sofia, Bulgaria, and
the Vitosha Mountain region. Three urban park
areas, their adjacent hotspots, and one site in
Vitosha Mountain were selected to compare the
composition of airborne microorganisms across
different environments. The Vitosha Mountain
site was chosen based on Kadinov’s research,
which highlighted its exposure to anthropogenic
pollution - particularly during summer, when
slope winds transport pollutants from Sofia
(Kadinov, 2021a). However, Kadinov (2019)
also reported that the fine dust in Vitosha
originates mainly from background sources,
with less than 1% attributed to Sofia, and that
particulate matter (PM) deposition remains
below critical levels. Seasonal PM trends show
summer peaks in Vitosha Mountain, in contrast
to the winter peaks observed in Sofia (Kadinov,
2021b).

The sampling sites included:

e TAIl: Borisova Gradina — green area;
coordinates: 42°41'15"N, 23°20'16"E
TA2: Orlov Most intersection — hotspot;
coordinates: 42°41'23"N, 23°20'17"E
TA3: Voenna Academia Park — green

area; coordinates: 42°41'30"N,
23°20'42"E

e TA4: Voenna Academia intersection —
hotspot; coordinates: 42°41'33"N,
23°20'39"E

TAS: Studentski Grad Park — green area;
coordinates: 42°39'09"N, 23°21'09"E
TA6: 8 Dekemvri St. and Rosario St.
intersection hotspot;  coordinates:
42°39'06"N, 23°21'16"E

TA7: Vitosha Mountain — nature park;
coordinates: 42°36'34"N, 23°19'34"E
The geographic distribution of all sampling
locations is illustrated in Figure 1, providing a
visual overview of the selected green areas,
urban hotspots, and the control site in Vitosha
Mountain.
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Figure 1. Map of the sampling locations

Air microflora sampling and analysis
Airborne microbial abundance was analyzed
using a six-stage cascade impactor, which
separates particles by aerodynamic diameter as
follows:

Stage 1: > 7 um;

Stage 2: 4.7-7 um;

Stage 3: 3.3-4.7 um;

Stage 4: 2.1-3.3 pm;

Stage 5: 1.1-2.1 um;

Stage 6: 0.65-1.1 pm.

Petri dishes with appropriate nutrient media
were placed on each stage. One cubic meter of
air passed through the impactor at a constant
flow rate. The microorganisms collected on each
plate were then cultured and counted.

Microbial cultivation and identification
Microbial colonies were cultured under
controlled conditions using the following
nutrient media:
e Meat-Peptone  Agar (MPA):
growth at 28°C for 48 hours.
o Starch-Ammonia Agar (SAA): bacterial
growth at 28°C for 10 days.
o Czapek Dox Agar Medium: fungal growth
at 28°C for 7 days.

bacterial

Sampling conditions and data processing
Sampling was conducted on a dry day following
five consecutive precipitation-free days to
minimize the influence of weather on airborne
microbial concentrations.
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Average conditions
sampling:

o temperature: 4°C;

o relative humidity: 92%;

o atmospheric pressure: 1009 millibars;

o wind speed: 9 km/h (southwest direction).
Statistical analysis of the microbiological data
was performed using StatSoft Statistica 12.
Results are presented as the means of three
replicates  with  corresponding  standard
deviations. A 95% confidence level was used to
determine statistical significance.

atmospheric during

RESULTS AND DISCUSSIONS

The results of the experiments are presented in
colony-forming units (CFU) x 10%/m?. The total
levels of airborne microorganisms are shown in
Figure 2, while Figure 3 illustrates the
distribution of microorganisms across the
different stages of the cascade impactor. Unlike
our previous studies (Peshev et al., 2024), the
current study revealed that not all green areas
exhibited lower microbial loads compared to
their adjacent hotspots.

Table 1 provides a summary of microbial
abundance across various particle size fractions

[=)}

Total microbial number CFU*102/m?
[¥%)

y |‘. T

Fraction 1

I
TA1GA TA2HP TA3GA TA4HP

for each location. The overall microbial load
observed in this study is notably lower than that
reported in studies conducted during the winter
season. This difference is likely related to the
increased concentration of fine particulate
matter (PM) in winter. As Azis et al. (2018)
noted, fine PM serves as a core for the
accumulation of airborne microorganisms.
Accordingly, microbial levels are expected to
increase during the winter months, driven by
increased PM concentrations due to the
continued widespread use of solid fuels for
heating in Sofia.
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Figure 2. Total number of airborne microorganisms
(CFU x 10?/m*) measured across all sampling sites
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Figure 3. Total microbial number of airborne microorganisms from each of the stage of air Separator

According to the World Health Organization
(WHO), air pollution is the greatest
environmental health risk globally, affecting
both developed and developing countries
(WHO, 2017). However, no current WHO
guideline specifically addresses the health

impacts of airborne microorganisms in outdoor
environments. Most WHO documentation on air
quality and respiratory health focuses on non-
organic hazards such as ozone, carbon dioxide,
and fine particulate matter.
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Table 1. Microbial abundance at different sites (CFU x10%m?)

Location Microbial count Dominant particle size Observations
(CFU x 10*/m?) fraction
Hight traffic,
Hotspot (TA2-Orlov most) 8.4+3.25 >7 um, 4.7-7 um .
PM accumulation
Hotspot (TA4_.V oenna 7.3+3.25 >7 um, 4.7-7 um Hight vehicle emissions
Academia
Hotspot (TA6 — Studentski Construction activities
+
grad 13.4+325 7 um contributing to PM
Green Area (TA1 — Dense tree cover, reduce PM
Borisova Gradina) >043.92 2.1-3.3 pm, 1.1-2.1 pm levels
Green Area (TA3 — Lower elevation, direct PM
Voenna Academia Park 10.1£3.92 3.3-47 pm, 2.1-3.3 pm exposure from traffic
Green area (TAS — Minimal tree cover,
Studentski grad Par) 13:443.92 > 7um, 4.7-7 i resembling hotspots
Vitosha mountain — Nature 4.9 2.1-33 um, 1.1-2.1 pm Natu.r(.: fore§t, the lovyest load
Park with microorganisms

When microorganisms are considered, the
emphasis is typically on indoor air quality.
Nevertheless, the 2021 WHO guidelines on
particulate matter acknowledge the importance
of analyzing the effects of organic aerosols on
human health, alongside combustion particles
and secondary inorganic aerosols (WHO, 2021).
Many studies highlight the role of green spaces
in mitigating air pollution (Givoni, 1991; Cohen
et al., 2014). Chiesura (2004) found that urban
parks improve air quality, particularly in large
cities, while Dadvand et al. (2023) documented
the positive health effects of tree vegetation.
Our study clearly shows that the location and
forest cover of park areas matter.

Our study clearly demonstrates that both the
location and forest cover of park areas
significantly influence airborne microbial
levels. TA1 — Borisova Gradina, one of the
largest parks in Sofia with dense tree and shrub
vegetation, recorded the lowest levels of
airborne microorganisms. These findings are
consistent with previous research (Mhuireach et
al., 2016). The timing of the sampling - late
autumn - likely contributed to these results, as
trees retained a substantial portion of their leaf
mass, aiding in particle filtration.

Interestingly, TA3, another green area, showed
higher microbial concentrations than its adjacent
hotspot, TA4. This discrepancy underscores the
importance of both vegetation and location. TA3
is situated at a lower elevation than the nearby

boulevard, making it more susceptible to direct
dust and PM exposure from traffic. This
highlights the need for careful urban planning
that incorporates principles of "Environmental
Hygiene". As Robinson et al. (2019) suggest,
expanding research in this area is vital given the
growing recognition of urban green spaces as
essential to public health.

The data for TAS further emphasizes the
importance of vegetation type. This green area,
dominated by grass with minimal tree cover,
exhibited microbial levels comparable to its
nearby hotspot, TA6. These findings, supported
by the trends in Figure 2, suggest that grassland-
type parks do not effectively reduce PM or
associated microbial loads.

In hotspots, microorganisms were primarily
concentrated in the upper stages of the cascade
impactor (Stage 1: >7 um; Stage 2: 4.7-7 pm),
indicating association with larger PM particles.
In contrast, green areas with substantial woody
vegetation exhibited a greater concentration of
microorganisms in the finer particle stages. TAS
again deviated from this trend due to its lack of
trees, resulting in microbial distributions more
similar to those observed in hotspots.
Moreover, notable differences in microbial
loads among hotspots were observed. TA2,
despite being one of the busiest intersections in
Sofia, had lower microbial concentrations than
TA®G, a residential neighbourhood. This can be
attributed to the influence of wind and air mass

199



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

movement. Additionally, ongoing excavation
work in the TA6 area at the time of sampling
likely increased dust levels, contributing to
higher microbial counts. These findings support
the conclusion that construction and renovation
activities significantly deteriorate ambient air
quality by increasing both PM and microbial
content.

Our study reinforces the need for more urban
green spaces that mimic natural forests, rather
than purely aesthetic, meadow-type landscapes.
Tree vegetation, even with reduced leaf mass
during autumn, remains effective in capturing
particulate matter and the microorganisms it
carries. In hotspots, microbial concentrations
were highest in the coarser PM fractions,
whereas in green areas with tree cover,
microorganisms were more prevalent in finer
fractions (Stages 4 and 5). The control site in
Vitosha Mountain demonstrated the lowest
microbial levels, comparable only to Borisova
Gradina, further affirming the role of dense
forest vegetation in limiting airborne microflora.

CONCLUSIONS

The main objective of this study was to conduct
a preliminary analysis of airborne microbial
abundance across selected urban and natural
locations and to assess the distribution of
microorganisms in relation to different
particulate matter (PM) size fractions. The
results revealed that green areas do not always
exhibit lower microbial loads than their adjacent
urban hotspots. This variation is largely
influenced by the type of vegetation cover and
the specific location of the green spaces.

Park areas dominated by grass and with limited
woody vegetation displayed microbial patterns
similar to nearby high-traffic zones. In contrast,
parks with dense tree covers showed a more
favorable profile, with lower microbial
concentrations. Additionally, areas with strong
air mixing due to moving air masses
demonstrated a reduction in microbial presence,
even in busy hotspots.

Our findings suggest that both busy
intersections and green spaces situated near
active construction or renovation zones should
be approached with caution, as they pose
elevated health risks due to increased microbial
and particulate loads. In hotspots and grass-
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dominated green areas, microorganisms were
mainly associated with larger PM fractions.

Conversely, in tree-rich parks, microbial
abundance shifted toward finer particle
fractions.

These insights underscore the importance of
integrating  principles of "Environmental
Hygiene" into urban planning. Efforts should
focus on minimizing particulate and microbial
exposure to improve respiratory health among
urban populations. This study provides a
foundation for further research and can inform
the development of detailed urban design
strategies aimed at optimizing air quality and
public health outcomes.
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Abstract

One of the key challenges associated with traditional buildings constructed from vernacular materials is their response
to climatic agents and microorganisms. These present a significant challenge also for the surface of constructions based
on unbaked clay elements. This paper presents the possibility of creating plasters based on clay, lime and other additives,
their behaviour in response to mould growth, and the potential for coating treatments to enhance their resistance to the
harmful action of microorganisms. The antifungal treatment was conducted with the objective of exploring the potential
for recycling expired non-food household and medical products. The experimental results indicated the initial
development of colonies of Penicillium notatum and Aspergillus niger and subsequently demonstrated the potential for
enhancing resistance to mould action through pellicular treatment and/or surface impregnation. It can therefore be
concluded that not only is it possible to create clay-based plasters with enhanced performance, but also that this
represents an original contribution to the implementation of the concept of the circular economy.

Key words: antifungal treatment, circular economy, clay soil, plaster mortar, vernacular constructions.

INTRODUCTION

Vernacular architecture is a foundational model
for contemporary energy-efficient construction,
given its capacity to adapt to local microclimates
and environmental conditions. Recent studies
have demonstrated its exceptional energy
conservation performance, often exceeding
initial scholarly assumptions (Abdelrazek &
Yilmaz, 2020; Martinovic et al., 2023). In
Romania, earth-based constructions, primarily
adobe and wattle-and-daub, account for
approximately 32.9% of buildings nationwide,
predominantly as single-story structures built
before 1992, with a higher prevalence in
lowland counties where timber resources are
less abundant compared to  hilly and
mountainous areas (INCD URBAN-INCERC).
Structures built with unfired loamy soil
represent some of the earliest forms of building
technology. A  variety of construction
techniques have been utilised across the globe
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over time, including the construction of rammed
earth walls, cob walls, and walls constructed
from naturally dried unfired clay bricks. These
techniques have been preserved and continue to
be employed in various regions, exhibiting
regional variations influenced by local resources
and traditional building practices. These
constructions present numerous advantages:
they contribute to a healthy indoor environment
by maintaining thermal stability and consistent
humidity levels, while emitting no toxic
substances - a critical factor in reducing the risk
of respiratory diseases and allergies, they are
cost-effective to construct, require minimal
specialist labour, have a low environmental
impact due to the limited use of raw materials,
integrate harmoniously with local architectural
traditions, and have a minimal impact on the
surrounding landscape. These specific elements
have the capacity to exert a considerable
influence on the enhancement of hygiene and
health standards for occupants, whilst
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concurrently effecting the mitigation of energy
consumption and pollutant emissions. This, in
turn, results in a contribution to environmental
sustainability (Androutsopoulos et al., 2020;
Magurean & Petran, 2023). There are many
studies in the literature that demonstrate the
benefits of building with clay using indigenous
techniques in different geographical and
climatic conditions (Minke, 2006; Bui, 2009a
Ciurileanu & Bucur, 2011). However, the main
challenge with these constructions is the high
risk of cracking during the drying process and
their low resistance to water and weathering,
which often requires frequent surface repairs
and maintenance (Vural et al., 2007; Bui et al.,
2009a; Kiroff & Roedel, 2010;). The scientific
literature indicates that clay soils used for
earthworks must contain a minimum of 15-16%
clay to ensure the plasticity and workability
required for proper handling (Vural et al., 2007,
Kiroff & Roedel, 2010). In addition, to
effectively control the risk of cracking, the
acceptable linear shrinkage should be in the
range of 3-12% for soft mixes and 0.4-2% for
drier mixes (Minke, 2006; Jayasinghe &
Kamaladasa, 2007). A variety of organic or
inorganic additives of plant, animal or industrial
origin may be used to achieve these indicators
(Bahobail, 2012). However, increasing the
resistance of the exposed surface to climatic or
biological factors remains a challenge, although
these additives can significantly improve the
bulk performance of the clay composite.
Research aimed at identifying surface treatment
solutions for clay surfaces has been reported in
the literature, with some researchers analysing
the possibility of developing sol-gel solutions
based on TiO: (Calabria et al., 2010) while
others have focused their attention on more
traditional solutions, such as natural oil-based
waterproofing agents of vegetable or animal
origin, sodium silicate, silicon nanoparticles,
titanium dioxide, silica nanoparticles, silane-
siloxane, beeswax, ethyl silicate, organic
polymer products, lime-based paints and others
(Ferron, 2007; Li et al., 2009; Ferron & Matero,
2011; Pacheco et al., 2016; Stazi et al., 2016;
Lanzon et al., 2017; Camerini et al., 2019; Elert
et al., 2019; Rescic et al., 2023).

On the other hand, the cosmetics,
pharmaceuticals and other non-food household
products industries are experiencing rapid
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growth in correlation with the demands of
modern society. The cosmetics market tends to
grow year on year, making it the third fastest
growing market, with the global beauty and self-
care industry estimated to be worth USD 341
billion in 2020, USD 565 billion in 2022, USD
758 billion in 2025 and USD 480.4 billion in
2030 (Nciri et al., 2022; Morganti et al., 2023).
It is therefore of interest to find solutions for the
recovery and recycling of expired non-food
household products, cosmetics,
pharmaceuticals, various aromatic oils, etc., so
that they no longer pose a pollution risk when
disposed of in sewers or landfills (Juliano &
Magrini, 2017; Cinelli et al., 2019; Bashir et al.,
2021; Silletta et al., 2024). Research has shown
that, in addition to specific functional
ingredients, cosmetic products, for example, are
rich in phenolic compounds, flavonoids and
organic acids known for their antimicrobial
properties,  preservatives and  bioactive
molecules for the treatment of skin conditions
(such as dermatitis, atopic eczema, atopic
dermatitis or acne) (Varvaresou et al., 2009;
Houston et al., 2017; Halla et al., 2018; Hamrita
et al., 2022; Sandle, 2022).

A distinctive attribute of cosmetic products is
the homogeneity of their component
formulations, which is characterised by minimal
variation in size, extending down to the
nanometric level, even for mineral-derived
products (Silletta et al., 2024).

The utilisation of non-food household products
in the domain of construction has been
documented in the extant literature. For
instance, a group of researchers from the
Department of Civil Engineering, PVPIT
Budhgaon, Maharashtra, India (Patil et al.,
2021) demonstrated the potential use of an
aqueous soap solution to induce a high volume
of pores in the cementitious matrix, enabling the
production of concrete with a density lower than
1000 kg/m?, commonly referred to as "floating
concrete". Moreover, other studies have
emphasised the advantageous properties of
soap, along with soap precursors such as oils or
fats, in enhancing the performance of unfired
clay bricks, particularly in terms of their
resistance to water (Browne, 2009; Bahobalil,
2012).

A group of researchers from Korea University of
Technology & Education (Nciri et al., 2022)
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demonstrated that cosmetic waste can be
integrated into the creation of green, sustainable
road pavements. Specifically, the incorporation
of cosmetic waste, such as lipstick (completely
soluble at temperatures above 50°C) or other
cosmetic products containing oils, fats, emulsi-
fiers, wax, fillers, mica, silicon, titanium oxide,
or zinc oxide, into asphalt mixtures can act as
additive materials that improve rheological
properties, viscosity, and elasticity. This contri-
butes to reducing fatigue-induced cracking,
enhancing aging resistance, and improving
durability, including through the influence of
crystallization/hardening mechanisms.

This exploratory study aims to assess the
potential reuse of expired cosmetic-
pharmaceutical products for protecting clay
surfaces against mould growth, which can act as
a trigger for allergies. While the permeability of
these compounds through clay materials
represents an important consideration that may
affect treatment effectiveness and durability,
this initial investigation focuses on surface
application effects. The method employed for
repurposing these expired products involved
their integration as functional additive raw
materials in formulations designed for surface
application, resulting in a protective coating
with increased resistance to microbial activity. It
is important to note that the scope of this
research does not extend to evaluating the
potential health implications associated with the
utilisation of these products for construction
purposes beyond the specified scope, nor does it
include in-depth analysis of treatment permea-
bility through the clay matrix - aspects that
deserve further investigation in future studies.
Therefore, the aim of the present study is to
analyse the feasibility of recycling non-food
household waste (namely cosmetic-pharmaceu-
tical products) through the development of a
protective and finishing coating aimed at
enhancing the resistance of wunfired clay
construction surfaces to biological agents.

MATERIALS AND METHODS
The raw materials utilised in the fabrication of

clay-based plaster mortar composites for the
protection and finishing of vernacular

construction surfaces comprised the following:
clay soil (named "clay") extracted from Valea
Draganului, Cluj-Napoca, Romania, hydraulic
lime with the commercial designation ROFIX
NHLS, with an apparent density of 520 kg/m?
and a minimum compressive strength of 5
N/mm?, river sand with a maximum grain size of
4 mm, and water.

To characterise the clay that was utilised in this
study, an XRF analysis was conducted (Table 1).

Table 1. The oxide composition of the clay, determined
through XRF analysis

IOxides SiO, ALO; Fe,O5 CaO
(Content [%] 74.17 12.74 438 0.7
Oxides MgO K,0 Na,O TiO,
[Content [%] 1.0 1.43 0.73 0.0
This non-destructive analytical technique

utilises the measurement of characteristic
secondary X-rays to determine the elemental
composition and concentration of materials,
through the exposure of a sample to high-energy
X-rays or gamma rays, which results in the
emission of secondary X-rays due to the
excitation of inner-shell electrons. The
subsequent analysis of the resultant data enabled
the determination of the clay's oxide
composition and enabled prediction of its
classification according to the standard
mineralogical nomenclature. The analysis
revealed that the clay in question belonged to the
clay loam domain (Figure 1), as indicated by its
specific mineralogical composition (Figure 2).
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Figure 1. Characterization of the clay as a raw material —
classification within the ternary diagram
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Figure 2. Mineralogical analysis of the clay used as a raw material

From a mineralogical perspective (Figure 2),
experimental tests revealed the presence of
predominant minerals, including quartz with
approximately two-thirds of the composition,
muscovite accounting for nearly one-third, and
a minor fraction of vermiculite, along with
montmorillonite, illite and kaolinite. (Minke,
2006; Niroumand et al., 2013; Dormohamadi &
Rahimnia, 2020; Mufioz et al., 2020; Ige &
Danso, 2022). In accordance with existing
literature on the subject, these characteristics
support the assessment that this raw material is
suitable for use in the construction sector.

The selection of the hydraulic binder (hydraulic
lime) was based on preliminary experimental
tests and existing literature highlighting its
beneficial effects (Minke, 2006; Pacheco-
Torgal, 2015; Ige & Danso, 2022; Rescic et al.,
2023) particularly the additional contribution of
calcium oxide in mitigating drying shrinkage
and reducing the risk of cracking. The water
used in the preparation process was carefully
dosed to maintain a consistent fresh mix consis-
tency within a controlled range of 95 + 5 mm.
In order to evaluate and analyse the performance
of clay-based compositions intended for
plastering applications, a series of mixtures were
formulated and prepared under controlled
laboratory conditions.

The proportional composition of the raw
materials, together with the corresponding
sample codes, is shown in Table 2.
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Table 2. The ratio of raw materials in composites
intended for use as plaster mortar

— o
Saclg:ipcle Clay (%*) Hydra(l})l/(l]::)lee Sand (%*)
P1 60 0 40
P2 57 3 40
P3 55 5 40
P4 50 10 40
P5 45 15 40
P6 40 20 40
P7 35 25 40
P8 30 30 40
P9 25 35 40
P10 20 40 40
P11 10 50 40
P12 0 60 40
*Note: It should be noted that the percentage indicated is that by
eight of the total dry material.

For each clay-based composite, a number of
indicators were evaluated to characterise the
material and confirm its suitability for use as a
rendering mortar, in particular:

apparent density in the hardened state,
according to the standardised method EN
1015-10;

axial shrinkage, according to the standardised
method STAS 2634,

presence of drying cracks, assessed on visual
inspection;

flexural tensile strength and compressive
strength, according to the standardised
method EN 1015-11;
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adhesion to the substrate, tested on ceramic
bricks and unfired clay masonry units, accor-
ding to the standard method EN 1015-12.
The experimental evaluation of the physical and
mechanical performance was conducted under
laboratory conditions using prismatic specimens
0f 40x40x160 mm, formed in metal moulds and
demoulded 72 hours after preparation. To assess
substrate adhesion, flat specimens were
prepared by applying a 3-5 mm thick layer of the
clay-based composite to the selected substrates.
All samples were stored for 40 days until a
constant mass was reached, which was taken as
an indicator of full maturation and drying of the
material. The samples were stored under
controlled laboratory conditions at 23+2°C and
65+1% relative humidity, and then subjected to
experimental testing. In order to ensure the
repeatability of the experimental determina-
tions, a minimum of three samples were
prepared for each case and the values reported
represent the arithmetic mean of the individual
measurements.

Subsequently, to analyse the resistance to
microbiological attack, a test scheme was
designed for four clay-based composites
selected on the basis of their physical and
mechanical performance. The test procedure
consisted of three stages:

evaluation of the behaviour of plastering
mortars in an environment contaminated with
mould spores;

design, preparation and application of a
protective product on the clay surface;
validation of the antifungal performance by
evaluating the behaviour in an environment
contaminated with mould spores.

Samples were selected on the basis of minimum
thresholds for four indicators identified in
correlation with references from the literature:
(Minke, 2006; Pacheco-Torgal, 2015; Mufioz et
al., 2020; Eslami et al., 2022; Azalam et al.,
2024):

absence of drying cracks;

adhesion to substrate: minimum 0.5 N/mm?;
compressive strength: at least 2.5 N/mm?;
bending  tensile  strength:  minimum
1.5 N/mm?.

In addition, a batch of clay-based composites
without hydraulic lime content (P1) was
subjected to a comparative analysis.
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The analysis of the resistance of the clay-based
composites to microbiological attack was
carried out by exposing the samples to a highly
contaminated cross-infection environment with
Penicillium notatum (PN) and Aspergillus niger
(AN) spores. For this purpose, individual culture
systems were prepared for each sample type. A
disc-shaped specimen, 15 mm in diameter and 3
mm thick, prepared in the same way as the
prismatic specimens used for the determination
of physical and mechanical tests, was placed in
a Petri dish on a potato dextrose agar (PDA)
nutrient substrate (prepared by dissolving 39 g/L
of granular substance in warm water). The test
sample and the culture medium were sprayed
vertically from a distance of 100 mm with a
solution containing Penicillium notatum (PN)
and Aspergillus niger (AN) spores (10 pul PN +
10 ul AN/20 ml distilled water). The entire
system was then sealed and incubated at a
constant temperature (23£1°C) in a BIOBASE
BOV-D30 incubator. At predetermined time
intervals, the systems were evaluated by
observing the appearance and development of
mould and the degree of surface coverage on the
material sample. The evaluation was performed
by microscopic examination using a LEICA
SAPO microscope. The results were quantified
using two indicators: one to assess fungal
growth (Table 3) and the other to estimate
product performance (Table 4).

Table 3. Fungal growth assessment

Class Fungal Growth Evaluation
Class 0 | No fungal growth is visible upon microscopic examination.
The growth is invisible to the naked eye but is clearly
Class 1 . .
visible under a microscope.
Visible growth to the naked eye, covering up to 25% of the
Class 2
surface area that was tested.
Visible growth to the naked eye, covering up to 50% of the
Class 3
surface area that was tested.
Visible growth to the naked eye, with a surface coverage of
Class 4 o
more than 50%.
Heavy growth, with complete coverage of the tested
Class 5
surface.
Table 4. Product performance estimation
Category | Product Performance Estimation
The material is characterised as being inert or fungistatic,
0 thereby serving as an unsuitable nutrient medium for
microorganisms.
1 The material contains minimal nutrients or is minimally
contaminated, resulting in restricted microbial growth.
The material demonstrates susceptibility to microbial
2-3 attack and contains nutrients that facilitate microorganism
growth.
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The

surface treatment solutions were prepared

using expired non-food household products

(cosmetic-pharmaceutical products)

together

with dispersion matrices. The raw materials
used were:
= dispersion matrices:

commercially available liquid wax,
natural beeswax dispersed in water,
manufactured by Borma Wachs, Italy;

rabbit skin glue solution, made from
rabbit skin glue granules (manufacturer:
Divolo, Italy, commercially available)
dissolved in warm water at a ratio of 1:10
by mass (one part glue to ten parts water).

= cosmetic-pharmaceutical products:

liquid pharmaceutical product for the
treatment and prevention of fungal
infections of the mucous membranes,
particularly in the oral cavity, based on
glycerine. It is an over-the-counter
solution available in pharmacies that
combines the properties of glycerine,
borax (B) (sodium tetraborate, a
substance with antiseptic and antifungal
properties) and nystatin (NT) (a broad-
spectrum antifungal agent that inhibits
the growth and spread of fungi by
disrupting their cell membrane);

liquid antifungal pharmaceutical product
for the treatment of fungal infections of
the skin and nails. It is available over the
counter and contains the active ingredient
naftifine (NF), which belongs to the class
of allylamines with antifungal and
antimicrobial ~ properties.  Naftifine
inhibits enzymes involved in the
formation of fungal cell membranes,
thereby affecting their growth and
survival. It is effective against several
types of fungi, including yeasts and
moulds;

- hand cream for dry skin, made in

Romania (contains 15% glycerine);

- lipstick, produced in Romania (contains

- lavender oil,

50% glycerine);
produced by Ecoland
Production SRL, Romania.

The selection of these raw materials was driven
by the following criteria:

representation of waste materials for which
potential reuse solutions are being explored;
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affordability, accessibility, and absence of
health risks to users;

capability to serve as natural treatment
solutions suitable for vernacular
construction applications;

liquid wax has been demonstrated to reduce
the water sensitivity of clay surfaces by
filling pores and forming a water-repellent
sealing film, thereby enhancing resistance to
water exposure and climatic agents. When
utilised in an efficient manner during the
mixing process, it functions as an effective
dispersion medium for fine powdered
substances and lavender oil;

rabbit skin glue solution is recognised as an
effective  surface treatment material,
frequently used in furniture and painting
restoration, as well as in traditional and eco-
friendly construction works. The formation
of a varnish-like film is the result of the
interaction of the glue with the substrate, and
this results in strong adhesion. It is expected
that this will enhance surface resistance to
water exposure and climatic agents. The
solution's application as an aqueous medium
facilitates the dissolution of other raw
materials (e.g., expired pharmaceutical
products) while ensuring the effective
dispersion of fine powdered substances;
lavender oil is renowned for its antiseptic,
antifungal, antimycotic, and antibacterial
properties, as well as its effectiveness as a
natural insect repellent. Its efficacy in
treating contamination caused by E. coli, P.
aeruginosa, S. aureus, P. vulgaris, E.s
faecalis, L. monocytogenes, B. subtilis, A.
niger, P. chrysogenum, and C. albicans has
been well-documented (de Elguea-Culebras
et al., 2016; Vasileva et al., 2018; Silletta et

al., 2024);
the improper disposal of expired cosmetic
pharmaceutical products in household

settings represents a significant environ-
mental concern, as these materials have the
potential to contaminate water sources and
soil. The selected products are intended for
external use, are available without medical
restrictions, and do not present risks asso-
ciated with use by children, pregnant
women, or breastfeeding individuals.
Furthermore, the glycerine content present
in these products has been demonstrated to



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

enhance the flexibility of the protective film
(for rabbit skin glue film, the required
glycerine content is 5%). Finally, while
some of these materials function exclusively
as treatment agents to enhance resistance to
mould growth, others can readily serve as
pigments, thereby enabling a broad
spectrum of colours and shades in the
protective coating.
The evaluation of coating coverage uniformity
was conducted by applying the treatment
solutions to a white cementitious substrate
characterised by a smooth surface (specimens
fabricated from white cement paste, aged two
years  post-casting).  Preliminary  tests
demonstrated that, under constant exposure and
lighting conditions, the coatings were more
visible on the white cementitious substrate
compared to the clay substrate. The coding and
composition of the treatment solutions are
presented in Table 5.

Following the preparation stage, the treatment
solutions were applied by brushing onto the
surface of the selected clay-based composite
specimens in two layers, with a 24-hour interval
between applications.

Table 5. Ratio of raw materials utilised in the
formulation of clay surface treatment solutions.

Liquid | Rabbit skin | B+NT+NF Cosmetics Lavender
Sample X (g hand .
wax  |glue solution| Total content oil
code (ml) (ml) %) cream/g (ml)
° lipstick)
S1 100 -
S2 50 50 0.0017 10/7 1
S3 - 100

Following the application of the second layer,
the specimens were left to dry for a period of
seven days. Thereafter, the contamination
exposure procedure described earlier was
employed to test the specimens. Figure 3
provides a schematic representation of the
experimental research methodology.

| Raw materials for the clay composite |

Raw materials for surface treatment solutions

Dispersion matrices:
liquid beeswax, rabbit
skin glue solution

Expired cosmetic and
pharmaceutical
products

[ Clay composite P1-P12

Physico-mechanicalindicators:
apparent density, drying crack
formation, axial shrinkage,
compressive strength, flexural
tensile strength, adhesion to the
substrate

Evaluation of the
behaviour of clay

contaminated
environment

composites in mould

Selection of clay compositions for evaluating the
effectiveness of the antifungal treatment system

)

Surface treatment solutions S1-S3

Clay surface treatment

Performance of selected clay composite surfaces, both untreated (control) and treated, in a mold-contaminated

environment.:
- for the same clay composition: A comparative analysis between the untreated (control) specimen and the treated specimen for each treatment solution
to evaluate the antifungal efficacy of the applied treatment;
- For the same clay composition: A comparative evaluation of the untreated (control) specimen against the treated specimens subjected to the three
different treatment solutions to determine the most effective antifungal formulation;
- for all clay compositions, an analysis of the untreated specimens in comparison with the treated specimens for each treatment solution for the
assessment of the influence of the clay composition on the antifungal performance of the applied treatments.

Figure 3. Schematic representation of the experimental research methodology

RESULTS AND DISCUSSIONS

The experimental results obtained in this study
demonstrate that, in relation to physical and
mechanical indicators, an increase in the
hydraulic lime content in the composition results
in a decrease in apparent density (Figure 4) and
a reduction in axial shrinkage (Figure 5). These
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outcomes are particularly favourable for such
materials, as they are accompanied by the
absence of cracks.

However, it is crucial to acknowledge the
unfavourable consequence of elevated hydraulic
lime content, namely the decrease in mechanical
strength, both in compression and flexural
tensile resistance, which underscores the
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necessity for the identification of the optimal
hydraulic lime content in each instance where
the composition of the clay material is subject to
alteration (Figure 6).
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Figure 4. Bulk density of clay composites in their
hardened state
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Figure 5. Axial shrinkage of clay composites
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Figure 6. Mechanical strengths of clay composites

Concerning the adhesion of clay-based
composites to the substrate, a Gaussian trend
was observed (see Figure 7).

In particular, an increase in hydraulic lime
content, coupled with a reduction in clay content
(while maintaining a constant sand proportion in
the total dry mix), resulted in enhanced adhesion
to both adobe brick and fired ceramic brick
surfaces. This adhesion exhibited a peak at
composition P8 (30% clay, 30% hydraulic lime,
40% sand). Conversely, compositions where the
lime content exceeds the clay content (P9-P12)
exhibited a decline in adhesion to the substrate.
It is therefore essential to establish the optimal
hydraulic lime content to achieve a sustainable

209

balance between its benefits and potential
drawbacks.
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Figure 7. Adherence of clay composites to the substrate

The experimental results regarding the
evaluation of the resistance of clay-based
compositions  under  cross-contamination
conditions with Penicillium notatum and
Aspergillus niger revealed the following:

All clay-based compositions invariably
allowed the growth of one or both types of
mould on their surface, although at different
rates. The initial indications of mould growth
(3 days after contamination) manifested in
compositions with a reduced lime content,
thereby validating the advantageous and
sanitizing effect of lime.

Following a period of seven days of exposure
to the contaminated environment, all
compositions exhibited indications of fungal
growth, which was classified as Class 1
according to the classification system (i.e.
invisible to the naked eye but clearly visible
under a microscope). According to the
performance estimation indicator (Table 4),
all compositions were categorised as
Category 1 (i.e. the material contains very
few nutrients or is minimally contaminated,
allowing only very limited fungal growth).
During the exposure period of 7 to 33 days in
the contaminated environment, visual and
microscopic evaluations of the clay surfaces
indicated  varied  behaviours. = Some
compositions exhibited a more intense
development of PN (Penicillium notatum)
colonies, while others showed a more
pronounced growth of AN (Aspergillus
niger) colonies. Additionally, the extent of
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surface coverage by the microbiological film
varied depending on the composition.
Consequently, the analysis of the results has
not permitted the establishment of a clear
correlation between the clay composition and
the predominant type of mould growth.

The final evaluation, conducted 33 days after
exposure to the contaminated environment
(see Figure 8), revealed the following
classification based on fungal growth: Class
1 (invisible to the naked eye but clearly
visible under a microscope) for compositions
P8-P12 (minimum 30% lime content), Class
2 (visible growth covering up to 25% of the
tested surface) for compositions P3-P7
(minimum 5% lime content), and Class 3
(visible growth covering up to 50% of the
tested surface) for compositions P1 and P2
(0% or 3% lime content in the dried material).
In terms of product performance estimation,
the P3-P12 compositions were classified as
Category 1. The rationale behind this
categorisation is that these materials contain
negligible nutrients or minimal
contaminants, which precludes substantial
fungal growth. Conversely, the compositions
with minimal or no lime content (P2 - 3%
lime and P1 - 0% lime) were classified as
Category 2. This classification is attributed to
the fact that these materials lack the resilience
to microbial attacks and contain nutrients that
facilitate microorganism growth. One
potential explanation for these results is the
presence of residual organic content in the
clay soil, despite the processing of the soil
through sorting and sieving to remove
vegetative materials prior to use. Consequen-
tly, in order to enhance the durability and
hygienic properties of clay surfaces, the
implementation of an appropriate surface
treatment is considered beneficial.

The selection criteria for the clay-based
compositions (absence of drying cracks;
adhesion to the substrate of at least 0.5 N/mm?;
compressive strength of at least 2.5 N/mm?;
flexural tensile strength of at least 1.5 N/mm?)
as identified in Figure 9 were applied, and three
compositions that met all these requirements
were selected for validation testing of the
antifungal treatment through surface coating.
These selected compositions are: P6 (40% clay,
20% lime, 40% sand), P7 (35% clay, 25% lime,
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40% sand) and P8 (30% clay, 30% lime, 40%
sand).

The protective and surface treatment solutions
for clay-based surfaces, as prepared (Figure 10),
were found to be homogeneous, easy to apply by
brushing, and demonstrated good surface
coverage. The most homogeneous solution was
the one prepared with liquid wax (S1). However,
with the addition of rabbit skin glue, the
dispersion of raw materials derived from the
recycling of expired cosmetic products became
more challenging.

Despite this, the resulting coatings were found
to be smooth, continuous, and uniform, ensuring
adequate surface coverage. However, it was
observed that the presence of rabbit skin glue in
the treatment solution had a slightly negative
effect on coating coverage capacity. This effect
was particularly noticeable on the white
cementitious substrate, which remained slightly
visible beneath the treatment film, especially in
the case of solution S3, where rabbit skin glue
was used exclusively as the dispersion matrix
(Figure 10d).

In relation to the investigation of the resistance
exhibited by clay-based composites following
treatment with a liquid beeswax-based solution,
observations made after a seven-day exposure
period (see Figure 11) indicate that the surface
remains impermeable when exposed to a mould-
contaminated environment. The moisture
generated by the mould's metabolic processes
manifests as water droplets, thereby supporting
the hypothesis of the surface's hydrophobic
nature. No signs of mould growth were present
on the surface of the specimens. Furthermore,
the testing systems exhibited a slight inhibition
halo around the clay-based specimens, with the
halo size ranging from 1 to 5 mm from the edge
of the specimen, forming a circular pattern
around it, as exemplified in Figure 11b-c. In
accordance with the fungal growth evaluation
system and product performance estimation
criteria (Tables 3 and 4), it can be concluded that
treating clay surfaces with solution S1 resulted
in their classification under: Class 0 (No signs of
fungal growth upon microscopic examination),
Category 0 (The material does not serve as a
nutrient medium for microorganisms — it is inert
or fungistatic).

The results of the 7-day exposure period in a
highly contaminated environment demonstrated
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the treatment solution's high efficacy and a
significant improvement in fungal resistance.
The treatment of clay surfaces with solution S2,
which uses a liquid beeswax and rabbit skin glue
mixture (1:1 mass ratio) as the dispersion

matrix, resulted in a loss of surface

hydrophobicity compared to specimens treated
with solution S1 after seven days of exposure to
a contaminated environment (Figure 12).

Figure 8. Optical microscopy images depicting the behaviour of clay composites
in a mould-contaminated environment following 33 days of exposure.
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Figure 9. Selection of compositions for testing the efficacy of the antifungal treatment system.

It is noteworthy that no mould development was
detected on the surfaces of any of the specimens.
According to the fungal growth evaluation
system and product performance criteria (Tables
3 and 4), treatment with solution S2 classified
high-lime-content compositions (P7 and P8) in
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Class 0/Category 0 (no fungal growth detected,
inert or fungistatic).

In contrast, the control (P1) and the 20% lime
composition (P6) were placed in Class
1/Category 1 (microscopic fungal growth with
minimal contamination).
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Figure 10. Representative images of protective and surface treatment solutions
and their coating appearance on a white cementitious substrate

Therefore, the efficacy of solution S2 was
clearly influenced by the nature of the clay
substrate to which it was applied. The treatment
of clay surfaces with solution S3, in which rabbit
skin glue was used exclusively as the dispersion
matrix, yielded the poorest results in terms of
protection and coating durability after seven
days of exposure in a contaminated environment
(Figure 13). Exposure to moisture from mould
growth compromised the integrity of the rabbit
skin glue matrix, leading to the softening,
dissolution, and absorption of the coating into
the clay substrate. Consequently, only minimal
traces of glycerine-based cosmetic products
remained on the surface, appearing as dispersed
lipstick residues. Additionally, a mucilaginous
layer formed on the clay surface, with a more
distinct and continuous film observed in
compositions with higher lime content. This
suggests that the mucilaginous film, likely
containing traces of glycerine and rabbit skin
glue, was less readily absorbed into the clay
matrix as the lime content increased.

The analysis revealed the loss of inhibition halo
formation, surface hydrophobicity, and visible
moisture, suggesting its absorption into the
system, which contributed to the dissolution of
the rabbit skin glue coating and the formation of
a mucilaginous film.

Clear signs of mould proliferation were
observed, particularly in specimens with lower
lime content, such as the control (P1) and sample
P6. Quantitative evaluation based on fungal
growth assessment criteria and product
performance  indicators  confirmed  the
ineffectiveness of solution S3, with specimens
classified as Class 1 (microscopic fungal
growth) and Category 1 (minimal contamination
allowing limited growth).

The final evaluation of the clay specimens
treated with solutions S1-S3, conducted 33 days
after exposure in a contaminated environment,
demonstrated good resistance in the specimens
treated with the beeswax-based solution (S1)
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(Figure 14). No fungal growth was observed on
the specimens, and the coating maintained its
hydrophobic properties. Although the inhibition
halo previously observed at shorter exposure
durations was no longer present, microscopic
evaluation of the specimen surfaces confirmed
their classification as: Class 0 (no signs of fungal
growth under microscopic examination),
Category 0 (the material does not serve as a
nutrient medium for microorganisms — it is inert
or fungistatic).

As rabbit skin glue was incorporated into the
dispersion matrix (S2 and S3), the coatings on
the clay specimens demonstrated diminished
resistance to the contaminated environment
(Figures 15 and 16). In the case of treatment
solution S2, a decline in hydrophobicity was
observed, accompanied by distinct indications
of mould growth on the control specimen (P1)
and the low-lime-content clay specimen (P6).
Furthermore, the presence of fungal growth was
detected in the cracks that formed on the
surfaces of the high-lime-content specimens (P7
and P8). Utilising the product performance
estimation criteria outlined in Tables 3 and 4, the
treatment of clay surfaces with solution S2 led
to the classification of the high-lime-content
compositions (P7 and P8) as: Class 1 (Growth
invisible to the naked eye but clearly visible
under a microscope), Category 1 (The material
contains very few nutrients or is minimally
contaminated, allowing only very limited fungal
growth). In contrast, the control composition
(P1) and the composition with 20% lime content
(P6) exhibited behaviour classified as Class 2
(visible growth covering up to 25% of the tested
surface) and Category 2 (the material does not
resist microbial attacks; it contains nutrients that
support microorganism growth).

For treatment solution S3 (100% rabbit skin glue
dispersion matrix), microscopic examination
confirmed significant mould growth on all clay
surfaces, resulting in a loss of colour and a
transition to a mucilaginous state. The
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classification results are outlined below: P1:
Class 3/Category 2 (Visible growth covering up
to 50% of the tested surface; material supports
microbial growth); P6-P7: Class 2/Category 2
(Visible growth covering up to 25% of the tested
surface; material allows microorganism
development); P8 (highest lime content): Class
1/Category 1 (Growth invisible to the naked eye
but clearly visible under a microscope; very
limited fungal development). As illustrated in
Table 6, a comprehensive overview of the

a)P1

temporal  progression of  quantification
indicators, contingent on the nature and
implementation of treatment, was provided. It is
evident that surface treatment resulted in an
enhancement of resistance  within  the

contaminated environment, with an increase
ranging from 1 to 3 classes and 1 to 2 categories,
depending on the treatment modality and the
clay composition. This is particularly influenced
by the presence and proportion of lime in the
mixture.

o) P7 d) P8

Figure 11. Optical microscopy images depicting the performance of clay composites treated
with solution S1 in a mould-contaminated environment following 7 days of exposure

aPl b) P6

) P7 d) P8

Figure 12. Optical microscopy images depicting the performance of clay composites treated
with solution S2 in a mould-contaminated environment following 7 days of exposure

c) P7

Figure 13. Optical microscopy images depicting the performance of clay composites treated with solution S3
in a mould-contaminated environment following 7 days of exposure
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a) Pl b) P6

o) P7 d)p8

Figure 14. Optical microscopy images depicting the performance of clay composites treated with solution S1
in a mould-contaminated environment (33 days of exposure)

a) P1 b) P6

¢)P7 d) P8

Figure 15. Optical microscopy images depicting the performance of clay composites treated with solution S2
in a mould-contaminated environment (33 days of exposure).

a) P1

d) P8

Figure 16. Optical microscopy images depicting the performance of clay composites treated with solution S3
in a mould-contaminated environment (33 days of exposure)

Table 6. The evolution of quantification indicators over time, with a focus on the impact of clay composition,
the existence of treatment, and the nature of the treatment itself

Sample code - Treatment Pl P7 P8
Exposure |Quantification
time indicator P1 P1-S1 [P1-S2|P1-S3| P6 | P6-S1 |P6-S2|P6-S3| P7 |P7-S1 [P7-S2|P7-S3| P8 | P8-S1 |P8-S2|P8-S3
Class 1 0 1 1 1 0 1 1 1 0 0 1 1 0 0 1
7 days Category 1 0 1 1 1 0 1 1 1 0 0 1 1 0 0 1
Class 3 0 2 3 2 0 2 2 2 0 1 2 1 0 1 1
33 days Category 2 0 2 2 1 0 2 2 1 0 1 2 1 0 1 1

Although equal amounts of expired non-food
household cosmetic-pharmaceutical products
were used in all three prepared solutions - some
selected for their fat content, others for their
antifungal properties, and some only as colour
pigments - only the beeswax-based solution
proved fully effective. This solution imparted
hydrophobic properties to the clay surface and
utilised the antifungal effect of the non-food
household additives, as evidenced by the
formation of an inhibition halo around the
specimen in the test system.

The beeswax-based surface treatment resulted in
more favourable classifications in both fungal

growth evaluation and product performance
estimation compared to untreated surfaces. In
contrast, the rabbit skin glue solution reduced
the antifungal efficiency of the non-food
household products.

The addition of rabbit skin glue to the mixture,
even when combined with beeswax, resulted in
only modest outcomes in terms of clay surface
protection. The nature of the clay substrate also
influenced the outcomes, with a higher lime
content in the clay composition contributing to
slightly improved outcomes.
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CONCLUSIONS

Vernacular constructions, which frequently
comprise unfired clay walls, offer a number of
advantages, including enhanced indoor air
quality, minimal environmental impact, and a
beneficial role in preserving and promoting local
identity. However, these structures are not
without vulnerability; a primary concern
pertains to their diminished resilience to
Vernacular constructions, which frequently
comprise unfired clay walls, offer a number of
advantages, including enhanced indoor air
quality, minimal environmental impact, and a
beneficial role in preserving and promoting local
identity. However, these structures are not
without vulnerability; a primary concern
pertains to their diminished resilience to
biological and environmental factors. The
objective of this experimental research was to
investigate the feasibility of repurposing non-
food household waste and minimally processed
products through the development of surface
treatment solutions aimed at enhancing the
durability of unfired clay-based wall surfaces
against mould growth.

The experimental research yielded the following
conclusions:

- The composition and ratio of raw materials
utilised in clay-based composites
significantly impact the physical and
mechanical performance, resistance, and
durability. Among the 12 analysed clay
compositions, three were identified as having
the most suitable clay-to-lime ratio for the
intended application: P6, P7, and P8, which
are characterized by the following ranges of
raw materials: 30-40% clay, 20-30% lime,
and 40% sand.

With regard to resistance to mould growth
(Penicillium notatum and Aspergillus niger),
it was found that all clay compositions
ultimately permitted the development of one
or both types of mould on their surface. The
initial signs of mould appeared earliest (3
days after contamination) in compositions
with lower lime content, thereby confirming
the beneficial and sanitizing effect of lime.
The efficacy of surface treatment in
enhancing the resistance of clay surfaces to
contamination is dependent on the nature of
the treatment solution.
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- The enhancement of clay surfaces through
surface treatment has been shown to occur
within a range of 1 to 3 classes and 1 to 2
categories. The most effective performance
was observed in the clay composite with the
highest lime content (P8), treated with the
solution using a 100% liquid beeswax
dispersion matrix (S1). The replacement of
beeswax with rabbit skin glue (S2) led to a
reduction in the antifungal efficacy of the
surface treatment for all clay surfaces that
were tested, including the composition with
the highest lime content (P8). Furthermore,
when beeswax was entirely substituted with

rabbit skin glue (S3), this decline in
antifungal protection persisted.
- Rabbit skin glue (S3) functions as a

dispersion matrix, yet it does not yield a
substantial beneficial effect in terms of
enhancing mould resistance on clay surfaces.
In comparison, liquid beeswax has been
demonstrated to be a significantly more
effective dispersion matrix.
In conclusion, based on the findings presented,
new research hypotheses can be formulated,
focusing on the use of liquid beeswax as a
dispersion matrix while exploring and
identifying new expired non-food household
products that could be repurposed to develop
surface treatment solutions for unfired clay
surfaces in construction, with the aim of
enhancing their resistance and durability.
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Abstract

Since time immemorial, mankind has sought solutions to the problem of creating sustainable living spaces that provide
thermal comfort and good indoor air quality. One of the most prevalent techniques has been the construction of buildings
from clay-based materials. Nevertheless, even at the present time, this method is still insufficiently regulated by
generalised regulations. The principal issue is the diversity of raw material characteristics, which necessitates a
considerable number of preliminary tests and a lengthy period of time. This paper puts forward an interdisciplinary
methodology for the analysis of clayey earth, with a view to determining the potential applications of this material in the
production of adobe-brick masonry elements and plastering mortars for vernacular construction. The research
methodology entailed a pedological analysis of 30 clay soil samples sourced from Margau and Ciucea region, Cluj,
Jfollowed by an evaluation of their suitability for construction applications. The experimental findings have indicated the
potential for establishing limiting conditions regarding the clay, sand, and dust content of the soils, in conjunction with
PH, humus, and carbonate levels.

Key words: vernacular constructions; clay soil; pedological analysis, adobe-brick, plaster mortar

INTRODUCTION bility objectives in the construction industry.

One such approach involves the resurgence of
The construction sector is responsible for  traditional construction practices, with a focus
approximately 40% of global energy consump- on the development and optimisation of clay-
tion, 40% of raw material usage, 50% of  based building techniques to preserve their
greenhouse gas emissions, and 60% of total  benefits while mitigating their limitations.
waste generation, with only 20-30% of this A substantial body of documenttation on this
waste being recycled (Magurean & Petran, subject is available in the scientific literature.
2023; Papadaki et al., 2022; Asif et al., 2007, Evidence of the growing research interest in this
Santamouris et al., 2015; Papadaki et al., 2019; field is illustrated by a query of the Web of
Mollaei et al., 2023; Munaro et al., 2020). This Science Core Collection using the keyword
issue has been widely recognised on a global "adobe brick", which yielded 518 publications,
level, leading to an increased focus on identi- of which 39% were classified under Construc-
fying strategies to mitigate and reduce its  tion Building Technology, 38.8% under Civil
adverse environmental impact (Androutsopoulos Engineering, and 25% under Materials Science
etal., 2020), a significant initiative in thisregard ~ Multidisciplinary.

being the European Green Deal (Ak et al., 2024; This distribution underscores the increasing
Montanarella & Panagos, 2021; Kotseva-Tikova emphasis on the development of
& Dvorak, 2022). environmentally  sustainnable  construction
Recent studies have increasingly concentrated  materials, with a notable surge in research
on formulating solutions that support sustaina- publications after the year 2000 (Figure 1).
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Figure 1. Evolution of publications and citations, according to WOS,
of scholarly works identified using the keyword “adobe brick”

Notwithstanding the advantages inherent in
unfired clay-based constructions, it is important
to acknowledge their inherent limitations.
Niroumand et al. (Niroumand et al., 2013)
emphasise that one of the most critical
drawbacks of earth-based structures is their
inadequate mechanical strength, which hinders
their utilisation to the same extent as conven-
tional construction materials. However, contem-
porary research endeavours are actively
addressing this limitation by enhancing the
mechanical performance of these materials
through the application of composite material
principles. These advancements involve the
incorporation of additive raw materials, such as
lime, fly ash, bitumen, asphalt, or dispersed
reinforcing fibres, to improve their structural
integrity and durability.

Despite the fact that the field of earth-based
construction remains a minimally regulated and
standardised field, largely due to the high
heterogeneity of its primary raw material, clay
soil, a review of the scientific literature
identifies several guiding principles that support
its potential for sustainable building applica-
tions. The most notable regulatory frameworks
include the German Earth Building Code, which
was established in 1944 and laid the foundation
for the development of DIN 18951. In addition,
New Zealand has introduced relevant standards
(NZS 4297:1998; NZS 4298:1998; NZS
4299:1998), and specific regulations exist in
Australia, New Mexico and Zimbabwe.
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Furthermore, various guidelines, instructional
documentation and specialised educational
programmes have been developed, particularly
within Europe, to promote and standardise
earth-based construction practices (Pacheco-
Torgal & Jalali, 2012). Therefore, given the
existence of regional variations based on
geographical location, several criteria have been
established to determine the suitability of clay
soil for the production of adobe bricks. The most
fundamental requirements, irrespective of the
geographical location of the experimental area,
include the absence of organic matter (Pacheco-
Torgal & Jalali, 2012) and the implementation
of a sampling method that ensures soil collection
from a minimum depth of 150 mm below the
surface. This approach is designed to minimise
the presence of organic residues, such as vegetal
or animal matter (Giada et al, 2019).
Furthermore, G. Minke advances the argument
that a minimum sampling depth of 400 mm may
be required to ensure the material's suitability
for construction applications (Minke, 2005).
From a chemical, oxide, and mineralogical
composition standpoint, which are challenging
to assess in the field without access to specia-
lised laboratories, the scientific literature (Salih
et al, 2020) highlights a predominance of
silicon dioxide (SiOz2) in the range of 50-60%,
followed by aluminium oxide (Al2O3) at
approximately 10%. These elements contribute
to the structural quality of adobe bricks.
Additionally, the presence of ferric oxide



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

(Fe203), generally not exceeding 10%, is noted,
with its hydrated form responsible for the
characteristic brown-reddish soil colouration.
However, ferric oxide has also been implicated
in the development of efflorescence, which may
have a detrimental effect on the material's
durability and performance.

Limitation of the calcium oxide (CaO)
concentration to a maximum of 10% is another
critical aspect. When not chemically bound to
Si02, CaO can have detrimental effects,
including swelling in the presence of water and
carbonation, which leads to the formation of
CaCOs3, a compound characterised by low
mechanical strength and reduced durability. In
terms of granulometric composition, clay
functions as the primary binding agent, while
silt, sand, and aggregates act as fillers that
influence the material's mechanical and
structural properties. The scientific literature
suggests that the aggregate fraction should not
exceed 10% for particles larger than 2 mm,
while the sand content should range between
40% and 80%, with particle sizes between 0.063
and 2 mm. Furthermore, the recommended silt
content varies between 10% and 30%, with grain
sizes between 0.002 and 0.063 mm, whereas the
clay fraction typically ranges from 20% to 50%
(grain sizes between 0.002-0.063 mm) (Salih et
al., 2020; Giada et al.,2019). However, older
references indicate that clay content should not
fall below 15%, as it plays a crucial role in
maintaining the structural integrity and cohesion
of the material (Laaroussi et al., 2013;
Boduroglu, 1989). From a mineralogical stand-
point, the predominant minerals present in clay
soils may be associated with a high silicon
content or be characteristic of clay-rich compo-
sitions. The most commonly identified minerals
include quartz, calcite, feldspars, illite, kaolinite,
chlorite, smectite, and montmorillonite. The
presence of calcite is often indicative of soil
alkalinity (Dormohamadi & Rahimnia, 2020;
Demir, 2008).

From a physico-mechanical perspective, the
assurance of optimal thermal insulation and
substantial thermal inertia - facilitating the
accumulation of heat during warm periods and
its subsequent release during colder seasons —
necessitates that the bulk density of the mixture
falls within the range of 1800-2000 kg/m?
(Burroughs, 2008). From a structural
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performance standpoint, the ASTM D1633-00
standard (New Mexico) stipulates a minimum
compressive strength of 2.07 N/mm? for earthen
wall materials. In a similar fashion, the
Zimbabwean code for rammed earth walls
establishes a minimum compressive strength of
1.5 N/mm? for single-story structures with 400
mm thick walls and 2.0 N/mm? for two-story
buildings. In Australia, the relevant standard
prescribes a minimum compressive strength of
1.15 N/mm?, while the ASTM International
E2392/E2392M-10e1-2010 standard mandates a
threshold of 2.068 N/mm?. Additionally, the
ACI Materials Journal Committee has reported
that compressive strength varies based on soil
composition, with values ranging from 2.76 to
6.89 N/mm? for sandy soils and from 1.72 to
4.14 N/mm? for clay-rich soils. Moreover, the
Peruvian Standard E.080 stipulates a minimum
compressive strength of 1.2 N/mm? and a
minimum tensile strength of 0.4 N/mm?, thereby
underscoring the heterogeneity of regulatory
approaches to earthen construction materials
(Pacheco-Torgal & Jalali, 2012; Vega et al.,
2011).

During the preparation process, clay soil is
typically mixed with water, thereby initiating
the delamination of clay particles. Ensuring
adequate plasticity and workability is crucial;
however, it is important to recognize that an
excessive water content increases the risk of
cracking and significant axial shrinkage.
Achieving crack-free final elements is
imperative, and it is considered acceptable for
bricks produced using soft mixture technologies
to exhibit a linear shrinkage between 3% and
12%. Conversely, drier mixtures should exhibit
a linear shrinkage ranging from 0.4% to 2%
(Minke, 2005).

The physico-mechanical properties of clay-
based materials vary significantly depending on
the characteristics of the clay soil, the
preparation and testing methods employed, and
the type and proportion of additives
incorporated. The scientific literature reports a
wide range of values for these parameters,
reflecting the diversity of experimental
approachesl. Specifically, the compressive
strength has been documented to range from 0.5
MPa to over 7 MPa (Dormohamadi & Rahimnia,
2020), while the flexural strength has been
reported to vary between 0.25 MPa and 1.25
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MPa (Dormohamadi & Rahimnia, 2020).
Furthermore, Silveira et al. (Silveira et al., 2013)
reported a tensile strength of 0.16 MPa for adobe
bricks. The parameters under consideration —
namely, particle size distribution, density,
mixing water content, and consistency — are
relatively straightforward to analyse and assess,
particularly in situ, where access to a specialized
laboratory for chemical and mineralogical
analysis may be limited. However, for a
comprehensive evaluation, it is essential to
incorporate both physical and chemical testing
methodologies to ensure a  thorough
characterization. The objective of this study was
to assess, through chemical and pedological
analysis, the potential suitability of clay soils
from the Margau and Ciucea regions in Clyj
County for the production of adobe masonry
elements.

MATERIALS AND METHODS

The study aimed to assess the feasibility of
rapidly determining the suitability of clay soils
from the selected locations — Margau, Cluj
County (46°44'35"N 22°57'51"E), and Ciucea,
Cluj County (46°57'13"N 22°4827"E) — for
construction applications through chemical and
pedological analysis methods was carried out by
collecting soil samples at variable depths, up to
a maximum of 1200 mm, using a transversal
sampling method with a soil probe. The
sampling process was carried out while
maintaining the depth of the pedogenetic soil
horizon in order to preserve the integrity of the
analysed profiles. The soil sample batch was
selected on the basis of pedological analysis
requests submitted to OSPA (Office for Soil and
Agrochemical Studies) by external clients,
specifically landowners, in 2024. Each collected

soil sample was assigned a unique identification
code and subjected to pedological analysis under
controlled  laboratory  conditions  using
standardized methods recognised in Romania.
The analysis focused on key soil properties,
including texture and skeletal fraction, clay
content, sand content and granulometry,
determined according to STAS 7184/10-79, pH
value, determined according to the standardized
method described in SR 7184-13:2001, humus
concentration, determined according to STAS
7184/21-82, and CaCOs; content determined
according to the standardized method described
in STAS 7184/16-80. 169 samples were
collected from the Margau and Ciucea areas and
coded as follows: M1-M114 for those collected
from the Margau area, C1-C55 for those from
the Ciucea area, and VD for the sample collected
from Valea Draganului.

In order to evaluate the potential applicability of
the selected clay soils, a series of working
hypotheses were formulated based on insights
from the scientific literature (Figure 2).
Following the pedological characterisation of
the collected clay soil samples, a systematic
multi-step selection process was implemented
(Figure 3), wherein samples that did not meet the
predefined criteria were excluded.

This methodological framework was applied to
both the clay soil samples collected from the
Margau area, Cluj County, and those from the
Ciucea area, Cluj County. Subsequently, the
selected soil samples were subjected to
laboratory analysis in order to evaluate their
physico-mechanical properties and to compare
them with a reference set of indicators derived
from specimens produced using clay soil
collected from the Valea Draganului area, Clyj
County (46°54'10"N 22°49'53"E).

Working hypotheses

Samples
containing
calcium
carbonate
(CaCO3) are
not suitable
for the study,
as this soft
compound
has the

Samples with

Grnimimun Samples with

a coarse
skeletal

sampling
depth of less
than 20 cm
are deemed
unsuitable
due to their
high content
of organic
compounds,
humus, and
impurities.

content
greater than
40% are
unsuitable
due to poor
workability
and plasticity.

capacity to
reduce

mechanical
strength.

Samples with
a high coarse
sand content
demonstrate
reduced
plasticity.

Samples with
a pH between
5and 6 are
recommended
for plaster
mortars,
whereas
samples with
a pH below 5
are suitable
for adobe
bricks.

Samples with
a higher
content of fine
sand and
dust, and at
least 20%

Itis
recommended
that samples
containing a
minimum of
30% clay be
utilised in the
manufacture
of masonry
units.

clay, are
considered
suitable for
the production
of plaster
mortars.

Figure 2. Working assumptions based on references found in the literature
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Extraction of
samples

Pedological
characterization

Elimination of
samples with coarse
skeletal content >
40% or fine skeletal
dust content >70%

Elimination of
samples with a
Eamd  minimum sampling
depth of less than 20
cm

Elimination of Elimination of

samples with humus Ed
content > 5%

CaCOs;

samples containing  ed

Sorting by pH value
(pH<6)

Sorting by low
coarse sand content

Sorting by high clay
content and removal
of samples with
<20% clay content

Sorting by high fine
sand and dust
content

Experimental
determination of
physico- mechanical
characteristics

Preparation of test
specimens

Figure 3. Clay soil sample selection scheme

The suitability of Valea Draganului soil for
adobe brick production had previously been
established through experimental testing and
documented findings in the scientific literature
(Calatan et al., 2017; Hegy et al., 2016; Hegyi et
al., 2023; Calatan et al., 2016; Calatan et al.,
2020).

The present study therefore set out to validate
the selection methodology applied through a
comparative assessment of the soil samples.
The physico-mechanical performance of the
specimens was assessed by the fabrication of
prismatic specimens (40x40x160 mm) from
each batch of collected and selected clay soil, as
detailed below:

the clay soil was mixed with a precise
quantity of water in order to maintain
consistent workability, as measured by a
spread diameter of 95+5 mm;

the freshly prepared clay-water mixture was
subsequently introduced into metal moulds,
with the internal dimensions of 40x40x160

mm;
- the moulded specimens were stored under
controlled laboratory conditions at a

temperature of 23 + 2°C and a relative
humidity of 65 + 2% for a period of three
days, after which they were demoulded for
subsequent analysis;

the clay-based specimens were then
subjected to the same temperature and
humidity conditions until they had attained a
constant mass, which was considered an
indicator of uniform drying;

for each clay soil type selected for laboratory
analysis, a set of three identical specimens
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was prepared to ensure the repeatability and

reproducibility of the experimental results.
The physico-mechanical performance charac-
terisation tests were conducted under controlled
laboratory  conditions using standardised
methodologies. Thus, the analysis included the
determination of apparent density in the
hardened state, in accordance with EN 1015-10,
and axial shrinkage, as specified by STAS 2634.
Axial shrinkage represents the reduction in a
material's length along its longitudinal axis
during the processes of drying or curing, flexural
tensile strength is defined as a material's
resistance to bending stress before fracture, and
compressive strength is represented as its ability
to withstand axial loads without failure.
Furthermore, flexural tensile strength and
compressive strength were evaluated following
the procedures outlined in EN 1015-11. The risk
of cracking was monitored through visual
examination throughout the conditioning and
drying process in order to assess the material's
structural integrity.
The experimental results were analysed
comparatively, in relation to existing data
reported in the scientific literature, as well as to
the findings obtained for clay soil samples
collected from the Valea Draganului area (VD).

RESULTS AND DISCUSSIONS

In the course of the study, 114 soil samples were
collected in the Margau area. Following the
application of the sampling depth criteria, 52
samples were excluded. A similar process was
followed in the Ciucea area, where 18 out of 55
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samples were excluded after meeting the same
selection criteria (Figure 4).

The experimental analysis of the soil texture
from the predefined sampling locations revealed
a wide distribution on the ternary diagram
(Figure 5). As evidenced by the analysis, the soil
samples from the Valea Draganului area are
classified within the L (loam) zone, having a
medium-textured (M) profile.

In contrast, the soil samples collected from the
Margau area displayed a heterogeneous
distribution, with a predominant LP (loamy
sand) texture, though some samples were also
situated within adjacent zones, including S
(sand), SS (sandy loam), SP (sandy clay loam),
TP (clay loam), and AP (silty clay loam).

A similar distribution of soil samples was
observed in the Ciucea area, with the majority of
samples falling within the LP zone, and a
smaller number positioned in the SS, SP, TP,
and AP zones.

Following the selection process based on soil
texture, an additional seven samples from the
Margau batch were excluded due to their
classification within the AP zone. Furthermore,
ten additional samples were eliminated as they
had a dust content exceeding 70%, coupled with
a low clay content. Similarly, within the Ciucea
batch, one additional sample (C9) was removed,
as its fine particle composition rendered it more
suitable for plaster mortar or finishing coat
preparation rather than for adobe brick
production.

Following the elimination of samples that did
not meet the sampling depth criteria, the texture
analysis of the remaining soil samples revealed
the necessity for further  exclusions.
Specifically, additional samples (M14, M20,
MS52 from the Margau batch and C19, C43, C54
from the Ciucea batch) were excluded on the
basis that their coarse skeletal content exceeded
40% (Figure 6).
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Figure 4. Sampling depth for: a) samples taken from Margau area; b) samples taken from Ciucea area
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G - coarse texture
medium texture
F - fine texture

3

a) Texture of soil samples from Margau area (green) b) Texture of the soil samples from Ciucea (blue)
compared to soil samples from Valea Draganului area compared to the soil samples from Valea Draganului

(white) (white)

Figure 5. A graphical comparison between the texture of the soils sampled for analysis
and that of the soil sampled in Valea Draganului locality
Note: Coarse Texture: N - Sand (NG - Coarse sand, NM — Medium sand, NF - Fine sand), U - Loamy sand (UG - Coarse loamy sand,
UM - Medium loamy sand, UF - Fine loamy sand); Medium Texture: LN - Sandy-clayey loam, LL - Medium loam, L - Loam, LP - Silty loam,
SG - Coarse sandy loam, SM - Medium sandy loam, SF - Fine sandy loam, SS - Silty sandy loam, SP - Silt; Fine Texture: AF - Fine clay,
A - Clay, AM - Medium clay, AL - Loamy clay, AP = Silty clay, TN - Sandy clay, TT - Medium clayey loam, TP - Silty-clayey loam,

T - Clayey loam (Ministerul Agriculturii, Academia de Stiinte Agricole si Silvice, ICPA, 1987)
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Figure 6. Comparative soile texture analysis for: a) samples procured in the Margau area;
b) samples procured in the Ciucea area

From a chemical analysis perspective, the
experimental results indicated that the
remaining soil samples from the Margau batch,
after selection based on textural criteria, had a
humus content ranging between 0% and 12.16%
(Figure 7a). Moreover, a total of 12 samples
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were found to have CaCO3 concentrations
ranging from 0.06% to 10.19%, which
consequently prompted the exclusion of an
additional 19 soil samples from the batch.
Conversely, the Ciucea batch had a humus
content ranging from 0% to 3.32%, with no
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detectable levels of CaCOs in any of the
samples. Consequently, all soil samples from
this batch were retained for subsequent analysis
(Figure 7b).

The analysis of acidity revealed that the pH
values of the Margau soil samples ranged
between 4.12 and 6.73 (Figure 8a), while those
of the Ciucea soil samples varied from 3.75 to
5.50 (Figure 8b). Following the analysis, the
distribution of pH values exhibited by the clay
soils under consideration enabled the grouping
of the samples into three categories.:

I.  soil samples with a pH greater than 6 —
excluded at this stage of the analysis;

II.  soil samples with a pH ranging between 5
and 6 — deemed suitable for use in plaster mortar
production but not recommended for adobe
brick manufacturing;

III. soil samples with a pH of 5 or lower —
identified as being appropriate for adobe brick
production.

Following this analysis, the Margau batch was
reduced to 25 soil samples with a pH below 6,
of which six samples had a pH ranging from
4.12t0 4.99 (<5).

A similar reduction process was applied to the
Ciucea batch, which was reduced to 21 soil sam-
ples, all with a pH between 3.75 and 4.99 (<5).
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A subsequent evaluation of the clay content and
its proportional relationship to sand and silt,
conducted as part of the selective elimination
process, revealed that an additional nine samples
from the Margau batch did not meet the
established criteria. These samples (M16, M 113,
M4, M15, M64, M43, M60, M46, and M48) had
clay content values ranging from 12.32% to
19.75%, rendering them unsuitable under the
predetermined selection parameters.

A similar analysis of the Ciucea batch indicated
that two of the remaining 21 samples had a clay
content below 20% (C17: 19.05% and C44:
18.30%). As a result, these samples were
excluded from further evaluation.

Following the selection process, 16 samples
remained from the Margau batch. Of these, two
samples (M24: 31.27% clay content, pH 4.87;
M102: 30.8% clay content, pH 4.88) had a clay
content exceeding 30% and a pH below 5,
making them suitable for adobe brick
production. The remaining 14 samples had clay
contents ranging from 20 to 30%, with fine sand
content exceeding 40%, making them more
appropriate for plaster mortar and finishing coat
applications (Figure 9a). Of particular note were
samples M102 and M103, which had a coarse
sand content below 10% (9.48% and 6.58%,
respectively). Of additional significance is the
observation that sample M102, in addition to
having a pH below 5, also had a clay content in
excess of 30%, thus rendering it suitable for
utilisation in adobe brick production. Similarly,
sample M103 had a clay content close to 30%
(29.70%) and a pH below 5, which also
suggested its suitability for adobe brick
manufacturing.

Of the 19 remaining samples from the Ciucea
batch, two samples (C8: 38.7% clay content; C7:
37.05% clay content) had a clay content of at
least 30%, rendering them suitable for adobe
brick production (Figure 9). Among the
remaining 17 samples, which contained 20-30%
clay, all had a fine sand content exceeding 50%,
suggesting their compatibility for use in plaster
mortar and finishing coat production (Figure
10). However, particular attention is drawn to
samples C2, C3, C6, C7, C14, and C15, which
were characterized by a coarse sand content
ranging from 4.51% to 7.86%, with sample C14
having the lowest coarse sand content at 4.51%.
Moreover, sample C7 is noteworthy for its low
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coarse sand content (6.44%), high fine sand
content (56.51%), and clay content exceeding
30% (37.05%). These characteristics suggest
that this clay soil has the potential to be utilised
for the manufacturing of adobe bricks and
plaster mortar.

Following the stepwise selection process, the
soil samples selected for further investigation
and physico-mechanical performance analysis
were as follows: from the Margau batch: M24
(31.27% clay, 28.51% coarse sand), M102
(30.8% clay, 9.48% coarse sand), and M103
(29.7% clay, 6.58% coarse sand) and from the
Ciucea batch: C7 (37.05% clay, 6.44% coarse
sand) and C8 (38.7% clay, 10.82% coarse sand).
The selection of these samples was based on
their compositional properties, ensuring their
suitability — for  subsequent experimental
analyses. In consideration of the findings
presented, and given the number of soil samples
collected from a minimum depth of 20 cm at
each location (62 samples from the Margau
batch and 37 samples from the Ciucea batch), as
well as the fact that, following the selection
process, it was found that only three samples
from Margdu and two samples from Ciucea met
the predefined criteria for adobe brick
production. This indicates that the Ciucea area
exhibits slightly greater potential than the
Margau area in terms of identifying clay soils
with properties that are compatible with the
intended application. A subsequent
investigation into the properties of the sample
batch, with a focus on its compatibility with
plaster mortars, fine plasters, and finishing
coats, revealed that the 15 selected samples from
the Ciucea batch exhibited higher compatibility
with these applications when compared to the 14
samples selected from the Margau batch,
indicating a potentially superior performance in
these specific contexts.

The experimental results of the physico-
mechanical tests conducted on prismatic
specimens, produced by casting the selected soil
samples, demonstrated that, in terms of apparent
density (Figure 11), the recorded values were
higher than those observed for the reference
sample from Valea Draganului.

In addition, these values correspond to the
optimal range suggested in the scientific
literature (1800-2000 kg/m?) to ensure adequate
thermal inertia (Burroughs, 2008).
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for the realization of mortars for plastering, tinctures or
the texture of the soil sampled in Valea Draganului

With regard to axial shrinkage, the selected clay
soil samples exhibited values within the
recommended range of 3-12%, as documented
in the scientific literature (Minke, 2005) (Figure
12). However, it was observed that sample
M102 exceeded the upper limit of this range by
15%, suggesting an increased susceptibility to
cracking during the drying process. In order to
mitigate this risk, the scientific literature
indicates that various additive materials, such as
bone glue, salt (NaCl), or vegetable oils, may be
employed to improve the material's dimensional
stability.
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Figure 12. Graphical representation of the axial
shrinkage for a reference sample from Valea Draganului,
compared to samples M24, M102, and M103 (from
Margau), and samples C7 and C 8 (from Ciucea)

The analysis of mechanical strength under
compressive and flexural tensile stresses
indicates that the performance of the selected
clay soil samples is comparable in magnitude to

that of the reference sample from Valea
Draganului (Figure 13). Considering the
previous experimental studies conducted on clay
soil from Valea Draganului (Calatan et al., 2017,
Hegyi et al., 2016; Hegyi et al., 2023; Calatan et
al., 2016; Calatan et al., 2020), it can be inferred
that the selected clay soils from the Margau and
Ciurila batches could also be effectively utilised
for a variety of applications. These include the
development of fiber-reinforced compositions
incorporating dispersed vegetable fibers, as well
as compositions intended for the production of
construction elements, plaster mortars, and
masonry mortars. Furthermore, these materials
may serve as a base for incorporating
performance-enhancing additives or for the
integration of waste-derived raw materials,
thereby contributing to the exploration of novel
recycling strategies.
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Figure 13. Analysis of flexural strength and compressive strength for a reference sample from Valea Draganului,
samples M24, M102, and M103 (from Margau), and samples C7 and C8 (from Ciucea), compared
to relevant standards from New Mexico (ASTM D1 633-00, blue), Zimbabwe (dark blue - two stories’
dwellings and orange - one story dwellings), ASTM International E2392/E2392M-10e-1-2010 (dark green),
ACI Material (purple), and the Peruvian E.080 Standard (turquoise)

Furthermore, a comparison of the mechanical
strength indicators with the minimum thresholds
established by international standards, including
ASTM DI1633-00 (New Mexico), the
Zimbabwean Code for Rammed Earth Walls,
ASTM International E2392/E2392M-10el-
2010, and Peruvian Standard E.080, indicates
that the selected and analysed samples satisfy
the requirements for use in the construction of
residential building walls. The findings of this
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study suggest that the materials can be
effectively utilised in various construction
techniques, facilitating the development of both
single-story and multi-story structures.

CONCLUSIONS
The objective of this study was to assess the

viability of utilising chemical and pedological
analysis techniques to determine the prospective
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suitability of clay soils from the Margau and
Ciucea regions in Cluyj County for the
fabrication of adobe brick masonry components.
The experimental research programme was
conducted on two distinct batches of soil
samples: one collected from the Margau area
and the other from the Ciucea area, both of
which are located in Cluj County. The study was
designed to encompass two primary phases:

I. Selection of clay soil samples, conducted in
accordance with a set of predefined criteria,
which were established in alignment with the

specifications outlined in the scientific
literature.
II. Validation of the clay soil selection

methodology is based on physico-mechanical
indicators obtained through experimental
testing, with a comparative analysis against
references from the scientific literature. The

characteristics of a clay soil sample from Valea
Draganului are also presented, and this sample

had previously been investigated in a
comprehensive experimental research
programme.

The selection process involved the reduction of
the initial 62 soil samples from the Margau batch
and 37 soil samples from the Ciucea batch, all
collected from a minimum depth of 20 cm at
each location, to a final selection of three soil
samples from the Margau batch (M24, M102,
M103) and two soil samples from the Ciucea
batch (C7, C8).

The validation phase, which was conducted via
experimental testing, established that the
selected clay soil samples had an apparent
density ranging from 1798 to 1965 kg/m’,
thereby satisfying the critical mass criterion
necessary to ensure optimal thermal inertia. The
axial shrinkage values generally fell within the
recommended range of 3-12%, with the
exception of sample M102, which exceeded the
upper limit by 15%, indicating a heightened risk
of cracking during the drying process. The
mechanical strength assessments yielded values
that exceeded the minimum thresholds
stipulated by international standards and were
comparable in magnitude to those of the
reference sample from Valea Draganului, with
compressive strength ranging from 2.54 to 6.39
N/mm? and flexural tensile strength between
1.43 and 1.69 N/mm?.
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In conclusion, the proposed methodology for
assessing the suitability of clay soils for adobe
brick production demonstrates promising
potential benefits. While further refinement of
the experimental protocol is necessary to fully
validate the soil selection approach, it is
anticipated that by integrating current
knowledge in the field with rapidly obtainable
data through fundamental laboratory testing in
soil pedology or cost-effective on-site
evaluations, the following advantages can be
realised:

enhanced comprehension of a soil horizon's
capacity for a specific application;

reduced evaluation times in comparison to
conventional methodologies. In the case of
conventional methods, clay soil undergoes
processing, adobe bricks are fabricated, and
a prolonged conditioning period is required
(achieving constant mass necessitates
several days under controlled temperature
and humidity conditions) before being tested
using physico-mechanical methods;

the mitigation of risk associated with the
selection of soil with unsuitable properties
for the intended application, with a
consequent minimisation of resource
inefficiencies and the reduction of material
and time wastage.
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Abstract

Asbestos water supply networks are not believed to represent a significant hazard to public health in normal use.
However, repair, rehabilitation and removal of asbestos pipes involve cutting; and demolition, can release asbestos fibers
into the air, posing risks to public health. Many water utilities currently have significant portions of their water mains
composed of asbestos pipes that need to be rehabilitated. This paper focuses on the evaluation of four different
alternatives to rehabilitate/remove of asbestos pipes, considering the impact on the environment, respectively the total
air emissions generated by the activities involved in this rehabilitation. A very performant model, EMEP/EEA air
pollutant emission inventory guidebook 2023, was used for this assessment. Results indicate that the replacement of
asbestos-cement pipes with no-dig, pipe-bursting technology, which involves laying the new pipe on the inside of the
existing pipe, which is broken but remains underground, will have the lowest environmental impact.

Key words: water supply networks, asbestos-cement pipes, emissions of pollutants.

INTRODUCTION However, over time it was found that using this
material in water supply networks also has some

Produced and widely used in the construction of ~ disadvantages, among which are significant:

water supply networks, asbestos cement pipes * risk to human health due to the content of

were, during the 1950s-1970s, the main type of asbestos fibers;

material used for the design and execution of ¢ fragility of pipes; tendency to crack under
water distribution networks (Coufal et al., bending stress;

2014). » difficulties in repairing degraded pipes;
Asbestos is an extremely cost-effective material » reduced resistance to vibrations generated
with high tensile strength and good compressive by traffic.

strength. It can withstand alkaline environments, Although exposure to asbestos is potentially

corrosion, heat, electrical conductivity, and bad dangerous, health risks can be minimized. In
weather (Pini et al., 2021). The reinforcing most cases, the fibers are only released if the
properties of Chrysotile fibers greatly increase asbestos-containing material (asbestos cement)
durability and allow thinner and lighter pipes to is broken or crumbled (Logsdon, 1983). The
be made (World Health Organization, 2011). product, non-crushed materials containing
The use of asbestos-cement pipes brought asbestos, such as water pipes, do not pose health
several advantages for water operators, thus risk. The mere presence of asbestos does not

explaining the wide development of asbestos-  mean that the health of people working with
cement networks: asbestos is threatened. Asbestos is harmless in
» reduced production costs; water because the problem is not ingesting the
* cagsy installation; fibers but inhaling them (Qldwater, 2014).
* low weight compared to steel or cast iron; The natural dissolution of asbestos-containing
» resistance to electrochemical erosion; minerals in the surrounding environment
» relatively low roughness, so low hydraulic implies the existence of asbestos fibers in water,
load losses; and research has indicated that most waters,
* low thermal conductivity; distributed or not through asbestos-cement
* durability, relatively long-life span. pipes, contain asbestos fibers (Qldwater, 2014).
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Fiber in drinking water consists almost entirely
of short fibers, which are considered to pose
little risk to public health.

Compared to the reduced health risk associated
with the ingestion of asbestos released into
drinking water, the repair, rehabilitation and
replacement of water mains is of increased
health concern as it involves pipe cutting,
demolition, transport and disposal, resulting in
emissions of very fine asbestos particles into the
atmosphere, that could be inhaled (Wang et al.,
2010).

Currently, within the urban water infrastructure,
the problem of the existence of asbestos-cement
pipes is increasingly topical, from the perspec-
tive of restrictions on use but also related to the
difficulties of decommissioning them from
drinking water transport and distribution sys-
tems, in which asbestos-cement pipes have been
used a long time (Zavasnik et al., 2022). The fact
that many of these works have reached the end
of their life cycle requires their replacement and
rehabilitation.

Asbestos pipe replacement technologies

The potential technologies considered for the

replacement of asbestos pipes, which are the

subject of this study, are:

e TI1 - Replacement of asbestos pipes by
placing the new pipe in an open excavation
on a route parallel to the replaced pipe and
leaving the existing pipe underground by
filling it with concrete.

* T2 - Replacement of asbestos-cement pipes
by supported open excavation and laying of
the new pipe on the same route as the re-
placed pipe, using a temporary pipe until the
new pipe is put into operation; this tech-
nology involves the evacuation of the exis-
ting pipe from the ground and its transport to
an authorized waste landfill having a waste
storage cell containing asbestos.

* T3 - Replacement of asbestos pipes by
laying the new pipe through horizontal
drilling directed along a route parallel to the
replaced pipe and leaving the existing pipe
underground by filling it with concrete.

* T4 - Replacement of asbestos pipes by no-
dig, pipe-bursting technology, which
involves laying the new pipe on the inner
area of the existing pipe, which is broken,
but remains underground.

The carrying out of the works to replace the
asbestos-cement pipelines constitutes, on the
one hand, a source of dust emissions, and on the
other hand, a source of emissions of pollutants
specific to the combustion of fuels (distilled
petroleum products — petrol and diesel) both in
the engines of the necessary machines carrying
out the works, as well as the vehicles used to
transport the materials (Gottesfeld, 2024).

Dust emissions, which occur during the
execution of works specific to the four
technologies for replacing asbestos-cement
pipes, are generally associated with excavation
works, transportation and putting into operation.
Dust released into the atmosphere often varies
substantially from day to day, depending on the
level of activity, specific operations, and
weather conditions (Zhang et al., 2002). The
temporary nature of the asbestos pipeline
replacement works, the specifics of the various
execution phases, the continuous modification
of the work fronts clearly differentiate the
emissions specific to these works from other
undirected sources of dust, both in terms of
estimation and control of emissions.

The main pollutants associated with the release
of dust into the atmosphere from the execution
of the construction works are suspended dust -
TSP, PMio and PMas.

As regards the emission sources of pollutants
specific to the combustion of fuels, they are
differentiated, according to the specifics of the
machines, into two categories: heavy
construction equipment (construction
machinery) and material transport vehicles.

The activity of heavy construction equipment
includes, in general, the work that is performed
on the pipeline section that is being
rehabilitated. The pollution specific to the
activity of the machines is assessed according to
their type, fuel consumption, period of operation
and the area in which they carry out activities.
The main pollutants associated with fuel
combustion in engines are CO, NMVOC, NOx,
N20, NHs, SO2 (Mitra et al., 2002). The
amounts of pollutants emitted into the
atmosphere by construction machinery depend
mainly on the following factors:

» technological level of the engine;

* engine power;

» fuel consumption per power unit;

* machine capacity;
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age of engine/machinery, equipped with
pollution reduction devices.

It is obvious that pollutant emissions decrease as
the performance of the engine is more advanced,
the trend in the world being the manufacture of
engines with the lowest possible consumption
per unit of power and with the most restrictive
control of emissions. It is estimated that the
pollution specific to the activities of refueling,
maintenance and repair of machinery is reduced
because these activities will be carried out
mainly in filling stations and specialized repair
bases.

The circulation of material transport means can
represent an important source of pollution
associated with asbestos-cement pipeline
replacement technologies. Pollution specific to
vehicle traffic is assessed by fuel consumption
(polluting substances - NOx, CO, NMVOC,
NOx, N20, NH3, SOz, material particles from
fuel combustion, etc.) and the distances traveled.

MATERIALS AND METHODS

The evaluation of pollutant emissions into the
atmosphere from the activities of replacing
asbestos pipes was carried out starting from a
series of general calculation assumptions or
associated with each technology of replacing
pipes separately.

Thus, it was considered:

» the length of the replaced asbestos-cement
pipe: 100 m;

several connections on the new pipe: 10
connections;

an average transport distance of earth from
excavations for disposal: 20 km (round trip);
an average transport distance of construction
materials: 15 km (round trip);

an average transport distance of asbestos
cement waste disposed of at the hazardous
waste landfill: 220 km - nearest hazardous
waste landfill from Bucharest (round trip);
fuels used for heavy construction
equipment/construction machinery
(bulldozer, motor compressor, generator,
horizontal directional drilling machine, etc.)
and transport vehicles (dump truck, concrete
mixer, etc.): diesel (density 860 kg/m®)
and/or gasoline (density 750 kg/m?);

fuel consumption was evaluated depending
on the transport distances, the volumes of

233

transported materials and the number of
operating hours of each construction
machine;

location of construction works — Bucharest,
Romania.

As a function of the rehabilitation technology
profile, for heavy construction
equipment/construction machinery and material
transport vehicles used for the replacement of
asbestos-cement pipelines, their number and
operating time were considered within the
activities carried out for each of the four
technologies presented. The duration of the
works to replace the asbestos-cement pipes, as
well as the volumes of excavated earth and the
volumes required to restore the filling layers for
the length of 100 linear meters of replaced pipe
are presented in Table 1.

Table 1. Durations of execution, volumes of excavated
earth and volumes required to restore fill layers

Potential technologies T1 T2 T3 T4
Construction period (days) 3 3 4 4
Volume of excavated soil (m?) 164 160 92 64
Sand (m*) 49.2 48 22.8 17.76
Gravel (m*) 8.2 8 3.8 2.96
Crushed stone (m®) 8.2 8 3.8 2.96
Asphalt mixture (m?) 8.2 8 3.8 2.96

Based on the assumptions and the data
presented, the emissions of pollutants into the
atmosphere were calculated for the four
categories of emissions:

* dust/particle emissions resulting from the
construction activity itself;

emissions of dust/particles resulting from
the transport of materials;

emissions of pollutants resulting from the
combustion of fuels in the engines of
construction machinery;

emissions of pollutants resulting from the
combustion of fuels in the engines of
material transport vehicles.

Emissions associated with asbestos
replacement technologies

The dust/particle emissions from the asbestos-
cement pipe replacement activities themselves,
for 100 linear m of asbestos-cement pipe
replaced, were calculated with the relation (U.S.
E.P.A., 1986):

pipe
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EMpu,, = EFpu,y X Aagpectea X d X (1= CE) X o

s
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where:
EFpy,, - the corresponding emission factor
for PMio
Agfrectea - the area affected by the works
d - the duration of construction works, d =
3 days = 0.00822 years
CE - coefficient regarding the efficiency of
emission control works, CE = ()

PE - the Thornthwaite coefficient of
precipitation-evapotranspiration, PE =
49.47

s - the dust content of the soil, s = 32%.
The results of calculations for dust/particle
emissions from the actual asbestos pipe
replacement activities, for 100 linear m of
asbestos pipe, by the four technologies are
presented in Table 2.

Table 2. Dust/particles emissions from asbestos-cement
pipe replacement activities

Technology T1 T2 T3 T4
Affected area [m’] 320 300 176 162
Duration [days] 3 3 4 4
[Tk"gj"l suspended particles =TSP |} 314 | | 534 | 0965 | 0.888
Suspended particles with d<10 0390 | 0366 | 0.286 | 0.263
pm — PM, [kg]

Suspended particles with d<2.5 0039 | 0037 | 0.029 | 0.026
um — PM;;s [kg]

Dust/particle emissions from the transport of
materials on public roads were calculated per
km traveled by a transport vehicle, using the
formula (European Environment Agency,
2023):

)

0,7

s S w w
E=kx1.7x(ﬁ)x<ﬁ)x(ﬁ) X(Z)X(
for which it was considered:
« multiplication factor for the particle size:
o 0.35 for PMio;
o 0.053 for PM2s.;
s - dust content of the road surface, s = 3;
S - average speed of vehicles, S = 30 km/h;
W - weight of vehicles, W= 20 t,
w - number of wheels, w = 6;
p - number of dry days, p = 132 (for
Romania).
The results of the calculations for dust/particle
emissions from the transport of materials on
public roads, for the four technologies, are
presented in Table 3.

365 —p
365
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Table 3. Emissions of dust/particles resulting from the
transport of materials on public roads

Technology T1 T2 T3 T4
Distance [km] 575 745 330 240
Suspended particles with

<10 um — PM [ke] 207.93 | 449.02 | 119.34 | 86.79
Suspended particles with

d<2.5 um — PM, s [ke] 3149 | 67.99 18.07 | 13.14

The total emissions of pollutants resulting from
the combustion of fuels in the engines of heavy
construction equipment and in the engines of
vehicles transporting construction materials,
used for the replacement activities of asbestos-
cement pipes (100 linear m of pipe) were
calculated based on the "EMEP/EEA" guide air
pollutant emission inventory guidebook 2023,
1.A.3.b. Combustion - Road transport, with the
relationship (European Environment Agency,

2023):
)

Ei - emission of the pollutant 7 [gr];

FCjm fuel consumption of vehicle
category j using the fuel m [kg];
EFijm - emission factor for the pollutant 7,
for the vehicle of category j using the fuel m
[gr/kg].
The results of the calculations for the total
emissions of combustion fuels in the engines of
construction machinery and in the engines of
construction material transport vehicles for the
four technologies are presented in Table 4.

x EF, .

ij.m

2(FC,

m

g

in which:

Table 4. Total emissions resulting from the combustion
of fuels in the engines of construction machinery

Technology T1 T2 T3 T4

NMVOC [kg] 5.107 5.201 1.493 1.340
NO, [kg] 15.320 | 16.955 | 11.759 | 11.173
PM [kg] 0.497 0.543 0.343 0.325
N,O [kg] 0.0250 | 0.0275 | 0.0183 | 0.0173
NH; [kg] 0.0078 | 0.0084 | 0.0049 | 0.0047
SO, [kg] 0.0030 | 0.0033 | 0.0022 | 0.0021
CO[kg] 19.48 19.85 5.76 5.18

CO, [kg] 1536.8 | 1692.0 | 1132.5 | 1074.6

RESULTS AND DISCUSSIONS

Following the calculations performed and the
results obtained and represented graphically in
Figure 1, it is found that the emissions of
dust/particle matter for T4 technology for the
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replacement of asbestos-cement pipes are lower
than in the other three technologies, as follows:

T1 — 1.48 times higher than T4;

T2 — 1.39 times higher than T4;

T3 — 1.09 times higher than T4.

This is mainly due to the smaller land areas
affected by T4 technology.

Dust/particle emissions from appropiate
replacement activities of asbestos-cement
pipes

ET] T2 =T3 mT4

14
12
1,0
_ED 0.8
0.6
0.4
0.2
0,0

TPS PM10 PM2.5

Figure 1. Emissions of dust/particles from the activities
of replacing the appropriate asbestos-cement pipes,
through the four technologies

For the emissions of dust/particle matter in
suspension, generated from the transport of
construction materials, shown graphically in
Figure 2, it is found that the values obtained for
the T4 technology for the replacement of
asbestos-cement pipes are lower than the values
obtained for the other three technologies, as
follows:

T1 —2.40 times higher than T4;

T2 —5.17 times higher than T4;

T3 — 1.38 times higher than T4.

The value of dust/particle emissions from the
transport of construction materials for T2
technology for the replacement of asbestos-
cement pipes, are very high due to the disposal
of the disused asbestos-cement pipe at a
hazardous waste landfill.

In terms of total emissions of combustion fuels
in the engines of heavy construction equipment
and construction material transport vehicles,
they also vary from one technology to another
for the replacement of asbestos-cement pipes,
but also from one activity to another.
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Emissions of dust/particles resulting from
the transport of construction materials
on public roads

BTl mT2 mT3 mT4

500,0
400,0

__300,0

kg

~200,0

100,0

0,0

PM10 PM2.5

Figure 2. Emissions of dust/particles resulting from the
transport of construction materials on public roads,
through the four technologies

In comparison, Figure 3 and Figure 4 show, for
the four technologies of replacing asbestos-
cement pipes, the main emissions (NMVOC,
NOx, PM, N20, NH3 and SO3) from combustion
in the engines of heavy construction equipment.

Total emissions from fuel combustion in
the engines of heavy construction
equipment and construction material
transport vehicles

uT] T2 =T3 mT4

NMVOC NOx PM

Figure 3. Total NMVOC, NOx and PM emissions
resulting from fuel combustion

Analyzing the obtained values, it is found that
again the technology with the lowest level of
pollutants resulting from fuel combustion is T4
technology (smaller volumes of excavations,
shorter transport distances, non-recovery of the
replaced asbestos-cement pipe).
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Total emissions from fuel combustion in
the engines of heavy construction
equipment and construction material
transport vehicles

ET] mT2 mT3 mT4

0,030
0,025

0,020
P01
0,010
0,005
0,000

N20 NH3 SO2

Figure 4. Total N>O, NH3 and SO, emissions from fuel
combustion

It is also found that T4 technology has the lowest
levels of pollutants, for the same reasons, both
for the CO emission values represented
graphically in Figure 5 and for the CO2 emission
values graphically represented in Figure 6.

CO emissions from fuel combustion in
the engines of heavy construction
equipment and construction material
transport vehicles

ET] T2 =T3 mT4

25,0

20,0

15,0

[ke]

10,0

5,0

0,0
Construction Total

equipment/machinery

Transport vehicles

Figure 5. CO emissions [kg], resulting from fuel
combustion

The comparative analysis of dust/particle
emissions from the actual asbestos pipeline
replacement activities, through the four
technologies, highlights for any of the four
evaluated factors, namely TSP, PMio, PMz s, the
fact that the lowest values of them are recorded
for T3 and T4 technologies. Technologies T1
and T2 have high values, in the order in which
they are listed. Overall, dust/particle emissions
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for the T4 asbestos-cement pipe replacement
technology are lower than the other three
technologies.

The emissions of dust/particle matter (PMio,
PM2s) from the transport of construction
materials for the T4 technology are lower than
in the other three technologies.

Emissions from the transport of construction
materials for the T2 technology are very high,
this fact results from the need to dispose of
asbestos pipe waste at a hazardous waste
landfill.

CO, emissions from fuel combustion in
the engines of heavy construction
equipment and construction material
transport vehicles

ET] T2 =T3 mT4

2.000,0

1.500,0

1.000,0

[ka]

500,0

0,0
Construction
cquipment/machinery

Transport vehicles Total

Figure 6. CO; emissions [kg], resulting from fuel
combustion

NOx emissions from the combustion of fuels in
the engines of heavy  construction
equipment/construction machinery and vehicles
transporting construction materials (NMVOC,
NOx, PM, N20, NH3 and SO3) also vary from
one technology to another, proposed to replace
pipelines of asbestos, but also from one activity
to another.

The emissions resulting from the combustion of
fuels in the engines of heavy construction
equipment, for technologies T3 and T4 have the
lowest values.

The level of emissions associated with the T2
technology for replacing asbestos pipes is 3.41
times higher than that of the technology with the
lowest levels of NOx emissions T4.

The other two technologies, T1 and T3 record
values of 2.63 and 1.51 times higher than
technology T4, respectively.
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Table 5. Air pollutant emissions associated with the four
asbestos-cement pipe replacement technologies

E

Table 6. Standardized scores by technology and type of
atmospheric emissions associated with the four asbestos-
cement pipe replacement technologies

o | i
Type of [T [ 71 | T3 | T4

Dust/particle emissions from the appropriate asbestos pipe
replacement activities, for 100 linear m of asbestos pipe [kg]

Standardized scores
according to technology

Type of emissions and type of

Total emissions of pollutants resulting from the fuel combustion in
the engines of heavy construction equipment and vehicles
transporting construction materials [kg]

Total suspended T1 | 12 | 13 | T4
particles E TSP 1.316 1.234 0.965 0.888 Dust/particulate emissions from appropriate asbestos pipe
Suspended particles replacement activities, for 100 linear m of asbestos pipe
withd <10 pm — 0.390 0.366 0.286 0.263 Total suspended particles — TSP 0 0.19 | 0.82 1
PM,o Suspended particles with d<10 pm —
Suspended particles PM,yo 0 0.19 1 082 !
withd <2.5 pm — 0.039 0.037 0.029 0.026 Suspended particles with d<2.5 pm —
0 0.19 | 0.82 1
PM, s PM, s
Emissions of dust/particles resulting from the transport of materials Final grade (arithmetic average): 0 0.19 | 0.82 1
on public roads [kg] Emissions of dust/particles resulting from the transport of materials
Suspended particles on public roads
withcud <10 pm — 207.93 449.02 119.34 86.79 Suspended particles with d<10 um —
0.67 0 0.91 1
PM,, PM,o
Suspended particles Suspended particles with d<2.5 pm — 0.67 0 091 1
withd <2.5 pm — 31.49 67.99 18.07 13.14 PM, 5 . i
PM, 5 Final grade (arithmetic average): 0.67 0 0.91 1

Total emissions of pollutants resulting from the fuel combustion in
the engines of heavy construction equipment and vehicles
transporting construction materials

Carbon monoxide - 19.48 19.85 576 5.18
co

Non-methane volatile

organic compounds — 5.107 5.201 1.493 1.340
NMVOC

g‘g"gen oxides - 15320 | 16.955 | 11.759 | 11.173
Suspended particles | 0497 | 0543 | 0343 | 0325
Nitrous oxide - N,O__| 0.0250 | 0.0275 | 0.0183 | 0.0173
Ammonia — NH; 0.0078 | 0.0084 | 0.0049 | 0.0047
Sulfur dioxide — SO, | 0.0030_| 0.0033 | 0.0022 | 0.0021
Carbon dioxide — CO, | 1536.78 | 1692.00 | 1132.53 | 1074.60

The emission levels of the four technologies
were compared by assigning standardized scores
to each emission type.

These scores were normalized to a common
scale within the [0,1] interval using the
following formula:

E —max(E;)

S [
coreon] max(E;) — min(E;)

in which:
E - the emission for a certain type of
pollutant;
max(E;) - the maximum value of the pollutant
emission, from the four technologies;
min(E;) - the minimum pollutant emission
value, from the four technologies.
A value of "0" was assigned to the highest
emission level, while a value of "1" was
assigned to the lowest. Based on this approach,
Table 6 presents the standardized scores for each
technology and type of atmospheric emission,
corresponding to the four asbestos—cement pipe
replacement methods.
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Carbon monoxide — CO 0.03 0 0.96 1
Non-methane volatile organic
compounds - NMVOC 0.02 0 0.96 !
Nitrogen oxides — NO, 0.28 0 0.90 1
Suspended particles — PM 0.21 0 0.92 1
Nitrous oxide — N,O 0.25 0 091 1
Ammonia — NH; 0.17 0 0.92 1
Sulfur dioxide — SO, 0.24 0 0.91 1
Carbon dioxide — CO, 0.25 0 0.91 1
Final grade (arithmetic average): | 0.18 | 0 | 0.92 | 1

CONCUSIONS

The analysis elements presented for the four
options highlight the diversity of rehabilitation
technologies, respectively their impact on the
environment, in particular the emissions of
pollutant substances and particles in the
atmosphere. At the same time, it was noted that
there is still no definitive (dominant) opinion at
the international level regarding the solutions
applied, or applicable, each country oscillating
between various possible options.

Synthesizing the results obtained based on the
calculations performed for the emissions of
pollutants in the atmosphere highlights the fact
that the T1 and T2 technologies have major
effects on the environment. However, it can be
noted that the T2 technology has higher values
of emissions compared to the T1 technology by
approximately 18%. T3 and T4 technologies
have relatively equal minimum values (slightly
better for T4 technology, but the difference is
insignificant).
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Comparing the scores obtained for the four
technologies based on the standardization and
normalization of atmospheric emissions in the
interval [0,1], various rankings can be made,
giving different weights to the three categories
of emissions:

* dust/particle emissions from the actual
asbestos pipeline replacement activities,

* emissions of dust/particles resulting from
the transport of materials on public roads,

» total emissions of pollutants resulting from
the combustion of fuels in the engines of
heavy construction equipment and vehicles
transporting construction materials,

all considered for the replacement of 100 linear
m of asbestos-cement pipe.
Regardless of the weightings chosen,
technology T4 — replacement of asbestos pipes
by no-dig, pipe-bursting technology will get the
highest score, and technology T2 — replacement
and removal of asbestos pipes by supported
open excavation and laying the new pipe on the
same route as replaced pipe — will get the lowest
score.
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Abstract

Oltenia is the region in southwestern Romania facing significant challenges related to desertification,
especially in Dolj County. Sandy soils from this area present specific characteristics due to the low water
retention, low nutrient content and limited organic matter typically found in these types of soils. Afforestation
could be an essential solution to prevent desertification in this region, which faces significant risks related to
land degradation. Afforestation of sandy soils, however, requires a multifaceted approach, combining soil
improvement techniques, careful species selection, water management and continuous monitoring. With the
right strategies, it is possible to restore ecological functions and to improve fertility of these types of soils. The
key to success lies in understanding the specific challenges of sandy soils and adapting techniques accordingly
to promote the growth and sustainability of forested areas.

Key words: afforestation, aridity, desertification, Oltenia region, sandy soils.

INTRODUCTION phenomenon of desertification, which is

seriously affecting which once were fertile soils.
Afforestation is the process of planting trees on ~ Oltenia is the region in southwestern Romania
lands that were not previously forested. Key that encompasses a varied relief and diverse
features of afforestation refer to the plantationof ~ soils, influenced by specific climatic and
entirely new forested areas and often involve the geological conditions. This area is characterized
use of native or fast-growing species. In the by a combination of plains, hills and mountains,
context of Oltenia, where there are challenges which significantly influences the types of soils
like sandy soils, desertification, and degraded and their use in agriculture. It is also home to the
agricultural land, afforestation could address largest area of sands and sandy soils. These are
land degradation and create new forest arranged in longitudinal dunes oriented from
ecosystems in areas which became unsuitable west to east, in the direction of the dominant
for agriculture. wind (Prioteasa, 2021). Yield potential of these
Agroforestry is also a technique which could be soils is low and requires measures to stem
effective in the area because utilizes the deflation, increase in the content of humus in the
integration of trees with farming systems to soil, mineral and organic fertilizer application
stabilize soils and improve livelihoods. This and preservation of forest areas (Stanila et al.,
system has considerable potential to mitigate 2020). Fertilization becomes essential for sandy
climate change (Doelman et al., 2020). soils, the main practice being inorganic
The afforestation projects of degraded terrains fertilization, but also organic manures can
must be carried out in accordance with the supply nutrients in slowly available forms which
technical norms issued by the ministry respon- improve soil physico-chemical properties. The
sible for forest management. Afforestation can incorporation of organic manures deeper into the
bring numerous ecological and economic soil or spreading a carpet-like layer (at least 1
benefits, contributing significantly to their cm thick) improves water storage, biological
stabilization. activity, and nutrient status
Afforestation of sandy soils is an essential (https://www.fao.org/soils-portal). Under
measure to combat desertification and stabilize current conditions (drought and extreme
affected lands. Oltenia is facing an alarming temperatures), fertilization combined with

appropriate irrigation practices, becomes even
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more important to ensure a constant supply of
nutrients, thereby ensuring good crop
development (Nitu et al., 2024). Another
technique is applying mulch in order to reduce
evaporation. Crop residues from the soil surface
reduce evaporation losses, decrease the range
between maximum and minimum @ soil
temperature, and wind erosion. There are
authors which sustain that mulching improves
yield (ex. sweet potato) by maintaining soil
temperature and moisture, increasing plant
growth, and leading to higher tuber numbers and
weight. Also, influence their quality, by
increasing total soluble solids, starch, and
vitamin C content in the tubers. But, the
effectiveness of mulching can vary depending
cultivar and mulch type (Dinu et al., 2022).

To combat the advance of sand and revitalize
this type of soil, planting trees or forest curtains
to stabilize them and create a favorable micro-
climate can be a solution. The implementation
of new agricultural technologies based on
reducing resource consumption contributes to
reducing the impact of agriculture on the
environment (Coca et al., 2020).

As in the specific context of Oltenia,
afforestation is a key strategy to combat soil
desertification, the purpose of this work is to
present the advantages of this action and how it
can help reduce the vulnerability to the drought
and to the current or future climatic changes.

MATERIALS AND METHODS

The sandy soils occupy a significant surface in
Oltenia, especially in its south and have become
difficult for agriculture due to the high
permeability and the low water retention
capacity. However, their afforestation can
transform this useless land into some productive
ones, income generators. The presentation of
this process was carried out by consulting
relevant materials, such as books, scientific
articles, conference works, reports or online
databases. The objectives of the documentation
focused on identifying the context of
desertification, the benefits and challenges of
afforestation actions in the context of current
climate change by attempting to address the
following aspects:

advantages;

challenges;
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techniques;
recommended trees.
afforestation projects in Oltenia region.

RESULTS AND DISCUSSIONS

Advantages of afforestation action

- Reducing soil erosion. Forests help to fix the
soil through tree roots, which hold soil particles
together. This reduces the risk of erosion, a
common phenomenon in areas with sandy soils,
where wind and water can quickly carry soil
particles (Akca et al., 2010). Erosion usually
affects soil fertility because removes the fertile
layers in the upper horizons, which contain a
large amount of organic matter and nutrients
(Balan et al., 2024).

Improving soil quality and structure.
Afforestation helps improve soil structure and
fertility. Fallen leaves and organic matter in the
forest decompose, enriching the soil with
essential nutrients and increasing its water-
holding capacity. Tree roots help form a dense
root system, which can improve the texture of
sandy soil by creating channels for water and
other components.

- Regulation of the hydrological cycle. Forests
positively influence the local hydrological
regime. They contribute to increasing soil
moisture and reducing flood risks by absorbing
excess water. This is crucial in areas with sandy
soils, which have a low water retention capacity.
- Creating a favorable microclimate. By shading
the land and through plant transpiration, forests
contribute to creating a more stable
microclimate, which can favor the development
of other plant and animal species. This
microclimate helps maintain humidity and
reduce extreme temperatures. Forests contribute
to better infiltration of water into the soil, which
helps prevent droughts and improve the
availability of water for crops and other plants.
- Diversification of fauna and flora. Planting
tree species contributes to creating a habitat for
various animal and plant species, increasing
local biodiversity (Jorge et al., 2022).

- Carbon sequestration. Forests are essential in
sequestering carbon, thus contributing to
combating climate change. Through the process
of photosynthesis, trees absorb carbon dioxide
from the atmosphere, which helps reduce
greenhouse gases.



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

- Economic and social benefits. Afforestation
can generate economic opportunities through
the development of eco-tourism and sustainable
forestry activities. Local communities also
benefit from the creation of jobs in forest
management and sustainable agriculture (Akca
et al., 2010). Afforestation of degraded land is
not an end in itself but a national necessity
(Craciunescu et al., 2014).

Challenges regarding afforestation

- Low precipitation. Oltenia is characterized by
a low annual precipitation rate, which has been
recorded as low as 262.7 mm in certain years.

- Water scarcity. Sandy soils typically have low
water retention capacity, making it challenging
to sustain newly planted trees during dry
periods. Effective water management practices
are essential for success (Mingyuan, 2024).

- Drought sensitivity. In southern Romania,
frequent droughts can affect the success of tree
planting and development, necessitating
additional irrigation and seedling protection
strategies. Oltenia region is highly sensitive to
drought conditions, which are exacerbated by
climate change.

- Soil characteristics. Sandy soils in Oltenia are
prone to erosion and have poor nutrient retention
capabilities. These factors make it challenging
for trees to obtain the necessary nutrients for
growth, leading to higher mortality rates among
afforested species.

Long-term  maintenance. ~ Continuous
monitoring and management are required to
ensure the health of afforested areas, especially
in terms of pest control and competition among
species (Jorge et al., 2022).

- Conflict with agricultural land use. In areas
where sandy lands are used for agriculture,
afforestation may conflict with economic
interests related to crops.

Lack of funds and infrastructure.
Afforestation projects can be expensive and
require considerable financial resources for
implementation and long-term maintenance.
Recently, the Ministry of Environment has
launched initiatives to expand the forested area
in southwestern Romania, with the aim of
combating desertification and improving the
local ecosystem.

Afforestation of the sands in this region can
bring numerous ecological, economic and social
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benefits, essential for combating desertification
and improving living conditions in the region.

As afforestation techniques, the following can
be used:

- planting on degraded lands: in the plain
regions of southern Romania, it is essential to
plant forest species on lands degraded due to
erosion or excessive exploitation. Planting
should be done in a way that maximizes the
success of the seedlings (e.g., using irrigation
systems, protecting the seedlings from strong
winds);

- silvopasture: this involves combining forest
with animal grazing, with the aim of conserving
the soil and efficiently using natural resources.
Also, in some areas, to increase the efficiency of
afforestation, methods such as mixed
plantations (using combinations of tree and
shrub species to create a stable and diversified
ecosystem) or the use of local species (in some
cases, native plants are preferred to ensure better
adaptation to the ecological conditions in
Oltenia) can be used;

- Miyawaki method: this technique involves
planting a dense mix of native species in a small
area, which helps create a self-sustaining forest
ecosystem quickly. The method emphasizes
biodiversity and can improve soil quality
rapidly;

- patch planting: instead of uniform planting,
creating patches of vegetation can help gather
surface runoff and improve local moisture
levels, facilitating better growth conditions for
the trees (Mingyuan, 2024).

Tree species suitable for afforestation of
sandy soils

For the afforestation of sandy soils, several
species of trees and shrubs are recommended
that adapt well to the specific conditions of these
soils. These are:

- Acacia (Robinia pseudoacacia) is a drought-
resistant species that grows well on sandy soils
and helps fix nitrogen in the soil.

- Oak (Quercus robur) is a hardy tree that can
help stabilize soils and can grow on poorer soils.
In the Oltenia Plain the Turkey Oak occupies
10061.9 ha, and the Hungarian Oak 4655.0 ha
(Cojoaca et al., 2020).

- Poplar (Populus spp.). Poplars are often used
in reforestation projects in lowland areas
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because they grow quickly and can tolerate
sandy soils.

- Pine trees (Pinus spp.). Various species of pine
are well-suited to sandy soils due to their deep
root systems and drought tolerance. Research
from Turkey demonstrates that afforestation of
sand dunes with pine (specifically Stone Pine,
Pinus pinea), along with other species, increases
soil organic matter, phosphorus content, and
socio-economic value within several decades.
Pines not only stabilize sandy soils and reduce
erosion but can also serve as sources of timber,
nuts, and other products, benefiting local
communities (Akca et al., 2010). Planting trees
such as Pinus sylvestris and Ulmus pumila has
been shown to enrich soil nutrients in the surface
layers, improve soil structure, and reduce bulk
density, which enhances overall soil health (Guo
et al., 2024).

- Casuarina spp. (Sheoak). These trees are
drought-resistant and can fix nitrogen,
improving soil quality.

- Hakea spp. An Australian native that adapts
well to sandy soils and is drought-tolerant.

- Grevillea spp. Another Australian native that
flourishes in sandy conditions, known for its
unique flowers and deep root system.

- Olive Tree (Olea europaea). Drought-tolerant
and well-adapted to nutrient-poor soils, making
it ideal for sandy environments.

- Telopea spp. (Tree Waratah): Known for
vibrant flowers and hardiness in poor soil
conditions.

- Bald Cypress (Taxodium distichum): Thrives
in wet or dry sandy conditions and is known for
its resilience.

- Sand grass or perennial grass species - they can
be used as short-term cover plants to help
stabilize the soil until the trees become mature
enough.

In addition to these, a number of other species
can also be used such as: juniper, sea buckthorn,
willow, weeping willow, etc., and shrubs that
can also be used for the afforestation of
degraded lands (Enescu, 2015, 2018). Among
best shrubs or other plants:

- Lavandula angustifolia (Lavender): Excellent
for sandy soils due to its drought resistance and
ability to thrive in poor nutrients.

- Rudbeckia spp. (Black-Eyed Susan): A
flowering plant that does well in full sun and
sandy conditions.
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- Salvia spp.: These plants are hardy and can
tolerate dry, sandy soils.

- Buddleja spp. (Butterfly Bush): Thrives in
sunny, dry locations with sandy soil.

- Juniperus spp. (Junipers): Adaptable shrubs
that can withstand drought and poor soil.
Choosing the right species for afforestation in
sandy soils is essential for ensuring successful
growth and sustainability of the forest
ecosystem. The mentioned species are well-
suited to cope with the challenges posed by
sandy environments, making them ideal
candidates for afforestation projects
(https://www.rhs.org.uk/plants/for-
places/sandy-soils).

The lands from the Oltenia area were gradually
subjected to changes induced by intensive
agricultural use, so that on large areas of forest
it was intervened in numerous stages of
afforestation and deforestation (Iordache &
Ciuinel, 2013). In the last three decades over
4300 hectares of forests and vineyards areas in
sandy dunes perimeter were lost (Pravilie,
2013). The absence of irrigation and the
uncontrolled deforestation of protection belts
accelerated the extension of desertification of
sandy soils, leading to depleted arable-land
productivity and, in time, abandonment of these
lands (Balteanu et al., 2013). The impact of
climate change in the sandy soil areas of Sadova,
Bechet, Corabia, Apele Vii, etc. leaded to
intense aridity phenomena and tends to enhance
desertification on larger surfaces. Therefore,
there is an urgent need to cover and protect the
soil from Apele Vii, Marsani, Daneti, Celaru,
Castranova, etc. communes which also falls into
the high drought-affected sandy soils of the Leu-
Rotunda Plain. Recent studies suggest that the
combination of black locust (Robinia
pseudoacacia) and bird cherry (Prunus padus)
is optimal for afforestation in this region. These
species are favored due to their rapid growth
rates and ability to stabilize shifting sands within
five years. They are also economically viable, as
their seedlings are easy to produce and
affordable (Enescu, 2019; Raduca et al., 2022).
Black locust is an important non-native tree
species used mostly for sandy soil and sterile
dump afforestation for its ornamental role, but
also for its wood (lumber, poles, firewood) and
honey production (Buzatu-Goanta et al., 2020).
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Few years ago, in Radovan (medium fertility
soil), Tamburesti (sandy soil, irrigation) and
Isalnita (antropomorphic soil formed from coal
ash), an experiment with SRC willow crop of
was initiated considering the specie a
sustainable source of biomass because of its
potential to fix carbon (C) in the soil and also,
short-term crops could be an option for solving
the demand for bioenergy (Panita et al., 2017).
Salix genus includes many species with various
uses - wood production, biomass, animal feed,
source of salicylic acid, land reclamation,
biofuel, etc. (Corneanu et al., 2022).

In Dolj county there is a natural forest in
Bratovoiesti, which occupies a large part Oltenia
Plain, of the Valley Jiu with three types of
natural habitats and plant communities rich in
mesophyle, mesohygrophyle and hygrophyle
species (Cojoaca & Niculescu, 2018).

Juglans regia L. is also a specie which is
growing well in temperate climate areas. Oltenia
is a region known for walnut diversity because
its various eco-geographical areas (Cosmulescu
& Botu, 2012).

The challenges of afforestation of Oltenia region
necessitate careful planning and the selection of
drought-resistant tree species for afforestation
projects. Strategies must include efficient water
management practices and soil improvement
techniques to enhance the viability of
afforestation efforts in this vulnerable region.
The zoning and micro-zoning of the potential
forest vegetation can be the base of the selection
of species that optimally harness the stationary
potential in the case of the extension of the forest
land to the agricultural land unfit for agricultural
use, and the extension of forest protection
curtains in territories where their design has not
been carried out (Bercea & Dinuca, 2018).

Recent afforestation initiatives

The increase of areas covered by forest
vegetation and the necessity to take actions
against drought, aridity and land degradation is
a priority of the national strategy for preventing
and control of these (MMAP, 2008).

Romania has implemented several afforestation
programs, such as the "National Afforestation
Program", which encourages the rehabilitation
of degraded lands, including sandy soils in the
south of the country. These projects are carried
out in collaboration with local authorities and

243

environmental organizations and aim to protect
soils and improve ecosystems.

MMAP (2017) emitted a National Forest
Strategy for 2018-2027 was published, putting
an emphasis on sustainable management of the
national forest fund.

Generally, funding is a problem of afforestation
in Romania. Along time, afforestation projects
were supported mainly through different
funding mechanisms: Special Accession
Program  for  Agriculture and  Rural
Development (SAPARD) (Law no. 316/2001),
the Environmental Fund (Law no. 73/2000,
completed by Government Emergency
Ordinance no. 196/2005 and the European
Union funding instruments implemented
through the National Program for Rural
Development (PNDR) actions (Government
Decision no. 1.284/2008 for 2007-2013 and no.
226/2015 for 2014-2020) (PNDR, 2017)
(Palaghianu & Dutca, 2017).

Afforestation projects implementation is
hindered by the lack of cadastre and funds. Also,
to the population and the landowners it must be
explained the importance of forest protection
belts for the improvement of environment and
living conditions, for the gradual diminishing of
drought effects and for the enhancement of
agricultural production (Achim et al., 2012).
PNDR, 2014-2020, through Measure 8.1 for
afforestation by the concept of transferable
carbon credits could potentially contribute to
increasing forest area in Romania and carbon
sequestration projects such as PCF, could
represent viable opportunities for future
afforestation (Palaghianu & Dutca, 2017).

123 Measure "Increasing the added value of
agricultural and forestry products" has as
general  objectives  to  increase  the
competitiveness of agrifood and forestry
processing enterprises by improving the general
performance of enterprises in the processing and
marketing sector of agricultural and forestry
products, through better use of human resources
and other factors of production (Vladu et al.,
2018).

A large part of the budget for afforestation funds
from the National Plan for Recovery and
Resilience (PNRR) is being allocated to the
south of the country, where it is most needed. 70
hectares of sand from the Oltenia Sahara were
afforested with acacia, elm and mulberry.
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Another 2500 hectares of sandy land will be
afforested to protect localities and crops.

In 2023, Romania added 3,159 hectares of new
forests, bringing the total forested area to 6.45
million hectares. This increase is largely due to
reforestation efforts on pastures, afforestation of
degraded lands, and inclusion of new areas in
the national forest fund.

Key contributors to this growth include:
Government and EU-funded initiatives
focusing on afforestation and reforestation.

- NGOs and private projects, such as the
Tomorrow’s Forest Foundation and Mossy
Earth, which restore forests and combat illegal
deforestation. Their projects in Dolj County, for
instance, aim to restore ecosystems and support
local communities. There were also some
reforestation initiatives made by students,
teachers and volunteers’ communities in order to
contribute to climate change mitigation efforts.
Afforestation efforts are increasing, but
deforestation still poses challenges, especially in
areas affected by illegal logging or land-use
changes. Sustainable forest management
remains a key priority. The afforestation of
degraded sandy soils is seen as a valuable
opportunity to expand the national forest fund,
providing ecological benefits and supporting
local communities.

CONCLUSIONS

Oltenia is a region with significant agricultural
potential due to the diversity of its soils.
However, the challenges related to
desertification require innovative solutions to
maintain the viability of agriculture in this area.
Adapting agricultural techniques to local
conditions will be essential for the future of the
region.

Afforestation of sandy soils helps stabilize them,
but also contributes to improving the quality of
the environment, having a positive impact on
biodiversity. Also, can be a viable solution for
ecological restoration and sustainable land
management. By carefully selecting appropriate
species,  employing  effective  planting
techniques, and managing resources wisely, it is

possible to transform degraded sandy
landscapes into productive ecosystems that
benefit both the environment and local
communities.
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For the afforestation of sandy soils, species
capable of stabilizing the soil, reducing erosion
and contributing to improving environmental
quality are recommended.
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Abstract

Research on climate change has become a cornerstone of the global scientific and political response to one of the most
pressing environmental crises. This paper provides an overview of major climate research directions, with a focus on
international, European, and national institutional frameworks. Based on the analysis of strategic documents and
institutional sources, the paper identifies key trends, structural gaps, and opportunities for advancing national climate
research in Romania. It highlights the need for interdisciplinary approaches and stronger links between science and
public policy as critical components of effective climate action.

Key words: adaptation, climate change, climate research, mitigation, science-policy interface.

INTRODUCTION not only deepens our understanding of physical
and ecological systems but also informs the
Climate change has evolved from an environ- design of mitigation and adaptation strategies.

mental concern to an emerging issue on global ~ As the climate crisis intersects with challenges
political, economic, and scientific agendas. The such as urbanisation, food security, and energy
manifestations of climate instability, ranging transition, there is an increasing demand for

from extreme weather events to shifts in precipi- interdisciplinary and problem-oriented
tation patterns and rising sea levels, pose direct approaches to climate research (Bai et al., 2016).
risks to biodiversity, public health, water avai- This article contributes to the scientific dialogue
lability, and infrastructure. by reviewing the current state of climate change

What distinguishes current climate dynamics research. It identifies dominant research
from previous geological or meteorological directions, maps institutional ecosystems at
shifts is the speed, scale, and underlying global and European levels, and reflects on
anthropogenic influence. A growing body of = Romania’s position within this broader context.
evidence confirms that human activities,

particularly fossil fuel combustion, MATERIALS AND METHODS
deforestation, and industrial agriculture, have

drastically altered atmospheric composition, This study adopts a qualitative research
leading to global warming and associated approach, based on documentary analysis and
feedback effects (IPCC, 2021; IPCC, 2022). thematic synthesis. Primary sources include

Since the late 20th century, climate science has  official reports from international organisations
matured as an interdisciplinary field, integrating such as the Intergovernmental Panel on Climate
atmospheric physics, oceanography, ecology, Change (IPCC) (IPCC, 2021), the World
geography, and socio-economic analysis. Meteorological Organization (WMO) (WMO,
The European Union (EU) has played a 2023), the European Environment Agency
significant role in coordinating climate research (EEA) (EEA, 2025), and the European
and funding programmes, which will be further Commission (EC) (European Commission,
detailed in subsequent sections. 2020). These sources were selected based on
Over the past two decades, scientific research four key criteria: (i) credibility and institutional
has emerged as both a diagnostic and a authority, (ii) thematic relevance to climate
prescriptive tool in addressing climate change. It science and policy, (iii) recency (2015-2024),

246



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

and (iv) open-access availability to ensure

transparency and replicability.

To structure the analysis, a thematic framework

was applied, comprising the following four axes:

1. institutional structure and governance — this
axis explore the key actors involved in
climate change research at the international,
European, and national levels, as well as
their mandates, coordination mechanisms,
and roles in policy support;

2. major scientific trends and innovations — here,
the focus is on the evolving directions of
climate research, including technological
innovation, modelling capacities, and
interdisciplinary shifts;

3. science—policy integration — this axis inves-
tigates how scientific knowledge is used to
inform climate legislation, adaptation
planning, and multilevel governance;

4. regional and national disparities — the final
axis assesses asymmetries in research infra-
structure, funding availability, institutional
capacities, and participation in transnational
programmes.

The Romanian research context was examined
through national policy strategies, websites of
public research institutes, and academic
literature (National Meteorological Administra-
tion; The Ministry of Research, Innovation and
Digitalisation) and  recent  integrative
approaches on local governance in climate
strategy (Draghici et al., 2024). Particular
emphasis was placed on identifying structural
gaps in funding, digital infrastructure, scientific
collaboration, and stakeholder engagement. The
data analysis process was descriptive-
interpretive, aimed at identifying systemic
patterns and practical recommendations.
While qualitative documentary analysis is an
effective tool for mapping institutional and
thematic trends, its limitations must also be
acknowledged. The method does not allow for
empirical testing of hypotheses or for
generalisation of findings across all EU member
states. Furthermore, the reliance on official
publications may overlook grey literature or
localised research initiatives not captured in
mainstream data repositories. However, the
method is justified by the study’s exploratory
and comparative objectives, and by the need to
establish a foundational understanding of
systemic structures in climate research.
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RESULTS AND DISCUSSIONS

International climate change research is
coordinated through established institutions
with distinct but complementary mandates. The
IPCC synthesises scientific literature and
provides assessment reports that inform global
climate policy (IPCC, 2021). The WMO ensures
access to harmonised meteorological datasets,
which are essential for modelling and
forecasting (WMO, 2023). The UNEP facilitates
knowledge transfer, particularly for low- and
middle-income countries (UNEP, 2023). These
organisations increasingly collaborate to align
climate science with policy and capacity-
building efforts, contributing to a more
integrated global research ecosystem.

At the European level, climate research is
supported through a combination of strategic
frameworks, legislative instruments, and
dedicated funding programmes aimed at
fostering innovation, scientific collaboration,
and evidence-based policymaking. The
European Commission’s Joint Research Centre
and EEA produce decision-support tools,
vulnerability indices, and thematic maps used by
national authorities (European Commission,
2020; EEA, 2025).

Table 1 presents a selection of key international
and European institutions involved in climate
change research, highlighting their primary
areas of focus and the roles they play in
supporting scientific advancement, policy
development, and global coordination efforts.
Thematic evolution in climate research reveals a
broadening scope that transcends disciplinary
boundaries. Early scientific efforts focused on
climatology and atmospheric chemistry, but the
current landscape includes socio-economic
vulnerability, policy innovation, technological
transitions, and public engagement. One area is
impact assessment, which quantifies climate
effects on agriculture, infrastructure, public
health, and water security. The development of
mitigation strategies, including renewable
energy, and sustainable transport, is equally
prominent. Research into adaptation measures
has gained ground, especially regarding nature-
based solutions, climate-resilient infrastructure,
and community-based planning (IPBES and
IPCC, 2021; Raymond et al., 2017).
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Table 1. Key Climate Research Institutions

Institution

Main Focus

Role

Intergovernmental Panel on Climate
Change

Assessment of climate science and
policy recommendations

Provides scientific basis for
international climate negotiations

World Meteorological Organization

Meteorological observations and
climate monitoring

Coordinates global weather and climate
data systems

United Nations Environment
Programme

Environmental policy and
sustainable development

Supports climate initiatives and policy
in developing countries

European Environment Agency for EU policy

Environmental indicators and data

Publishes key reports on EU
environmental status

Joint Research Centre

Scientific support for EU policies

Develops tools and models for EU
policy design

Despite these advances, significant asymmetries
persist across regions. Romania illustrates some
of the structural challenges facing Eastern
European countries in aligning with EU and
global research  frameworks.  Although
institutions like the National Meteorological
Administration (ANM), the National Institute
for Earth Physics (INCDFP), and several
universities contribute to climate research, their
efforts are often isolated and underfunded.
Participation in European projects remains low,
and the country lacks integrated databases and
interdisciplinary networks. Scientific findings
are seldom used in policymaking, and there is
little institutional capacity to bridge the gap
between research and decision-making (Sarkki
etal., 2015).

Key challenges include weak coordination
between ministries and research bodies,
insufficient digital tools, lack of long-term
funding, and limited incentives for
interdisciplinary collaboration. Yet, Romania’s
integration into European research frameworks
presents a significant opportunity for capacity
building, especially if local research agendas are
aligned with EU priorities.

To consolidate these observations, a SWOT
analysis was developed to outline the key
strengths, weaknesses, opportunities, and threats
influencing Romania’s climate research system.
This strategic overview (Figure 1) highlights
internal capabilities and limitations, as well as
external drivers that may either support or
constrain future development.

In order to synthesise the structural challenges
and strategic potential of Romania’s climate
research system, a SWOT analysis was
conducted (Figure 1). This structured approach
highlights internal and external factors
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influencing the national research environment
and supports the identification of priority areas
for capacity development.

Among the strengths, Romania benefits from an
increasing academic interest in climate-related
themes, with several universities and research
institutes such as ANM actively engaged in
monitoring and scientific studies.

However, the analysis also identifies significant
weaknesses. The national research landscape
remains fragmented and underfunded, with
minimal strategic coordination between relevant
ministries, academic bodies, and public
authorities. The lack of open-access,
interoperable data infrastructures, such as
climate risk maps or national research
repositories, limits both the visibility and the
applicability of scientific work in national
decision-making.

On the opportunity side, Romania has the
potential to improve its position by leveraging
available European funding mechanisms,
responding to growing political and societal
awareness of climate risks, and investing in
interdisciplinary collaboration and innovation
(OECD, 2021). The ongoing push for green
transition policies, resilience planning, and
sustainable development can serve as entry
points for strengthening institutional research
frameworks.

Nevertheless, several threats persist. These
include continued underinvestment in research
and development, the emigration of qualified
researchers, administrative complexity in
accessing funding, and the limited use of
scientific evidence in policymaking processes.
If left unaddressed, these factors could deepen
existing gaps between Romania and more
research-intensive EU Member States.
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Figure 1. National-level capacity: SWOT Perspective on Romania’s climate research landscape

This SWOT analysis reinforces the need for a
national strategic vision that bridges science,
policy, and practice, while supporting long-term
investment in knowledge systems capable of
responding to complex climate challenges.

Moreover, aligning Romania’s  research
directions  with  foresight-based  strategic
planning is essential to strengthen institutional

resilience and adaptive governance mechanisms.

As highlighted by the European Commission’s
Strategic ~ Foresight  Report  (European
Commission, 2023), placing sustainability and
wellbeing at the centre of strategic autonomy
can help bridge the divide between knowledge
production and societal needs. This implies not
only more inclusive research agendas but also
the mobilisation of innovation ecosystems
around climate adaptation, mitigation, and
environmental equity.

Recent studies underscore the importance of
iterative, reflexive science-policy interfaces to
support climate action in complex governance
systems.

Sarkki et al. (2015) propose a dynamic
framework that integrates credibility, relevance,
legitimacy, and “iterativity” as dimensions that
influence the effectiveness of science-based
decision-making. Such frameworks could
inspire improvements in Romania’s institutional
settings, particularly in strengthening the
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integration of scientific knowledge in local and
national planning processes.

Additionally, climate science in Romania would
benefit from adopting anticipatory and
transdisciplinary methodologies. As Bai et al.
(2016) argue, envisioning plausible and
desirable futures in the Anthropocene requires
transformative research agendas that go beyond
problem identification and focus on systems
innovation. This involves deeper collaboration
between  public  authorities,  academic
institutions, and civil society, as already piloted
in some local contexts.

Ultimately, strengthening Romania’s position in
the global climate research landscape requires
both institutional transformation and alignment
with forward-looking EU policy priorities.
Integrating foresight, innovation, and co-
designed research can help Romania better
generate and apply climate knowledge in
support of public needs.

CONCLUSIONS

This article has outlined the evolving landscape
of climate change research, with a particular
focus on institutional structures, thematic
directions, and regional disparities. Globally, the
institutional architecture supporting climate
science has matured through well-established
organisations, as discussed earlier in the paper.
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In Europe, the combination of policy
instruments, dedicated research programmes,
and technological platforms has fostered a
dynamic research environment with
increasingly integrated outputs.

Romania, however, continues to face structural
challenges in aligning with this evolving
framework.

As evidenced by the SWOT analysis, the
national climate research ecosystem suffers
from weak institutional coordination,
inadequate funding, and a lack of digital
infrastructure. Although several public research
institutes have longstanding expertise, their
efforts remain disconnected from policy
processes and broader European initiatives.
Despite these weaknesses, Romania has the
potential to strengthen its position through
targeted reforms and strategic investments.
Opportunities  include aligning  national
priorities with European foresight frameworks.
Romania could also strengthen its participation
in international research consortia and foster
closer ties between academia, public institutions,
and civil society. Lessons from countries with
successful integration into EU research
ecosystems could offer useful models for
institutional reform.

Overall, strengthening climate resilience and
adaptation capacities requires more than
scientific output, it calls for coherent strategies
that link research, governance, and innovation.
The insights presented here serve as a stepping
stone for continued doctoral research and
contribute to the broader understanding of how
science can inform robust climate action,
especially in structurally underrepresented
regions like Romania.

Moreover, as climate research increasingly
intersects with areas such as urban resilience,
health, biodiversity, and digital innovation, the
capacity to develop integrated, cross-sectoral
responses becomes essential. Romania’s future
progress will depend not only on scientific
excellence but also on the ability to embed
research findings into operational decision-
making, local planning, and national policy
frameworks.

Finally, the institutional landscape must be
supported by a long-term vision that promotes
continuity, transparency, and collaboration.
Establishing dedicated national programmes for

250

climate knowledge co-production, incentivising
open data sharing, and creating platforms for
public-private partnerships can serve as
catalysts for systemic change.

As climate risks intensify, the need for
responsive, inclusive, and adaptive research
systems will grow. This calls for a cultural shift
in how research is prioritised, communicated,
and leveraged, transforming climate science
from an academic pursuit into a cornerstone of
societal transformation.
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Abstract

In the context of several solutions that can be used to improve the performance of asphalt mixtures during their service
life, the paper presents a case study in which asphalt mixtures are manufactured using some recycled materials such as
glass, plastic and rubber. The level of performance will be quantified both by the rheological properties measured by
conventional tests (viscosity, permanent deformation etc.), but also by some tests that take into account the change in
response over time and that lead to variation curves for the stiffness modulus, yielding and fatigue resistance etc.
Asphalt mixtures with different percentages of recycled materials will be studied and the results obtained from dynamic
and rheological tests before and after the aging process will be compared and interpreted. Determining the degree of
influence of recycled materials on the aging resistance of modified asphalt mixtures and characterizing the dynamic
and rheological properties can lead to optimizing the percentages of additions and choosing the most advantageous
solution based on multi-criteria analyses in different climatic and stress conditions.

Key words: asphalt mixtures, performances, recycled materials, service life.

INTRODUCTION existing asphalt mixtures, consideration will be
given to improving the qualities of bitumen, as
In the context of reducing the irrational use of  well as the use of recyclable materials (glass,
resources and reducing the level of pollution,  recycled mixture, slag aggregates, recycled
the use of waste or secondary materials instead  plastic, recycled rubber, industrial waste, oils),
of natural materials can have great benefits, of =~ which will replace part of the quantity of
an economic and environmental nature, with a  aggregates and fillers.
relatively low energy consumption (Gheorghe The following research directions outline the
et al., 2008; Croitoru, 2016; Dobrescu et al., development of solutions and formulations
2016; Radu et al., 2017; Dobrescu & Calarasu, incorporating specific dosages of recycled
2019; Petcu & Racanel, 2024; Saca et al., 2023; materials.
2024).
The choice of materials used for asphalt Use of industrial waste powders in asphalt
mixtures depends on the traffic and climate  mixtures
conditions for which the respective asphalt By using power plant ash in asphalt mixtures,
mixture is designed. When designing the  the Marshall stability determined for
asphalt mixture recipe, it is important to temperatures higher than the test temperature
consider the ways in which the raw material by 10°C, respectively 20°C, due to the higher
can affect the performance of asphalt mixtures conductivity and specific heat for the asphalt
during the exploitation period, as well as how it ~ mixture containing a significant percentage of
will affect the performance of the mixture and ash in the mixture (7.5%, 10%), decreases by
the service life of the road structure. approximately 5% compared to 30% for the
In order to obtain durable, cheap, high-quality mixture containing limestone filler in the
asphalt mixtures, with physical-mechanical and  mixture (Paul Marc, 2011).
dynamic characteristics comparable to those of
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Use of bio-oil as a substitute for bituminous
binder in asphalt mixtures

Replacing 25% bitumen with bio-oil, at the
current production price of the asphalt mixture,
will result in a production saving of 5%. If the
reduction of mixing and compaction
temperature are taken into account, the
economic opportunity in using this technology
is greater (Perlata, 2013).

Use of bituminous binders modified with
industrial waste and bio-oil in asphalt mixtures
Regarding the fatigue behavior of asphalt
mixtures with polymer-modified bitumen, the
fatigue resistance of the studied asphalt
mixtures highlights the fact that the working
temperature in the laboratory must be
correlated with the in situ atmospheric
temperature. An increase in temperature by
10°C corresponds to an increase in specific
deformation by almost 280% (Burlacu &
Récanel, 2014).

Use of crushed glass in asphalt mixtures

In the study on the performance of asphalt
mixtures (paving asphalt), in which a finely
divided aggregate is replaced by crushed glass,
it was found that the performance of the
aggregate is not affected for crushed glass
percentages of up to 30% of the aggregate
mass, a combination of 3% rubber polymer
plus 2% glass powder can considerably
improve the mechanical properties of the
asphalt mixture and that asphalt mixture layers
containing 10-15% ground glass in surface
mixtures performed satisfactorily (Issa, 2016).

Use of recycled construction aggregates in
asphalt mixtures

Asphalt  mixtures  containing  recycled
construction aggregates (roads, concrete) have
the problem of high bitumen absorption. The
effects of glass on bitumen absorption and
volumetric properties of asphalt mixtures
containing 25% and 50% recycled aggregates
are demonstrated through laboratory
investigations. Three glass contents of 0%,
10% and 20% in terms of the total weight of
fine aggregates are used in the mix design to
prepare 100 mm diameter samples containing
0%, 25% and 50% recycled aggregates, under
120 rotation cycles. The results indicate that
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waste glass can be a viable material for
improving the problem of high bitumen
absorption of asphalt mixtures containing
recycled aggregates (Tahmoorian et al., 2018).

The use of compounds obtained by processing
industrial waste in ecological asphalt mixtures
The partial replacement of quarry mineral
aggregates with steel mill slag considerably
influences the physical-mechanical
characteristics of the asphalt mixture. The
addition of certain materials derived from
industrial waste can bring benefits to the
quality of the asphalt mixture, e.g. the behavior
of adding power plant ash as a substitute for the
usual limestone filler that leads to the stiffening
of the asphalt mixture, giving it properties that
can be compared to the use of
polymers/elastomers in the composition of the
bituminous mixture (Lixandru et al., 2018).

Use of aggregates from recycled asphalt
mixtures

These mixtures were prepared with two filler
additives, steel mill slag and silica fume, at four
different percentages of the aggregate weight.
A total of 234 mixtures were tested. The
laboratory results indicated the effectiveness of
using such additives as fillers. Marshall
stability showed an improvement for mixtures
prepared with steel slag ranging from 11.73 to
32.73 kN as the dosage of recovered asphalt
aggregates increased; high stability was
recorded for a dosage of 75% recovered asphalt
pavement aggregates with a mixture of 50%
steel slag. On the other hand, silica fume
showed variations in its strength, however the
maximum load value of 31.02 kN was for a
dosage of 75% recovered asphalt aggregates
with 100% silica fume (Naser et al., 2023).

Finite element modelling of asphalt mixture

An advanced area of research and testing aims
to assess deformations and stress distributions
under specific static and dynamic loading
conditions for asphalt mixtures, both
homogeneous and inhomogeneous. This
approach incorporates the use of recyclable
materials and employs modelling through the
finite element method within a
multidisciplinary framework that includes
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chemistry, engineering, and finite element
analysis (Ionescu et al., 2024).

MATERIALS AND METHODS

Testing the physical and mechanical
properties according to normative standards
Given the importance of asphalt mixtures'
performances, this paper highlights the
behavior of classic asphalt mixtures, as well as
those modified by introducing a recycled
material, used in the base, binding and wear
layers.

The physical-mechanical characteristics of the
asphalt mixtures were determined on Marshall
specimens made from the asphalt mixture
prepared in the laboratory to establish the
optimal dosages of materials: aggregates, filler,

bitumen and fiber (according to the
requirements of Normative AND 605).
To prepare the asphalt mixtures in the

laboratory, all materials were heated to a
temperature of 180°C in an oven. After that,
they were mixed for homogenization for 5
minutes in the laboratory mixer. Marshall
samples were compacted at 170-180°C using
an impact hammer stand (Marshall press), by
applying a compaction effort on each side of
the specimen 50 blows or 75 blows (for SMA).
The following physical and mechanical
characteristics were determined on the
specimens made with the Marshall press:
apparent density, according to SR EN
12697-6;

Marshall stability, at 60°C, according to SR
EN 12697-34;

flow index, at 60°C, according to SR EN
12697-34;

void volume, according to SR EN 12697-8;
water sensitivity, according to SR EN
12697-12;

water  absorption,
605:2016;

After obtaining the optimal bitumen dosage,
the following tests were performed:

on specimens made with a rotary press;
modulus of rigidity, SR EN 12697-26;
fatigue resistance, SR EN 12 697-24;
resistance to permanent deformations by
cyclic compression (dynamic creep), SR
EN 12 697-25;

Normative  AND
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resistance to permanent deformations

(tracking), SR EN 12697- 22.
RESULTS AND DISCUSSIONS

Experimental data analysis for different
classic asphalt mixtures

To highlight the behavior of mixtures with
different percentages of bitumen (behavior of
interest in the case of the action of external
agents such as traffic, or atmospheric
phenomena), some representations will be
presented based on the results of the tests
carried out (Figures 1, 2 and 3), for the
following types of asphalt mixtures:

wear layer:

asphalt mixture with high mastic content
using modified bitumen with a maximum
grain size of 16 mm - SMA 16 (bitumen
PmB 45/80-80);

asphalt mixture with high mastic content
using simple bitumen type 50/70 with a
maximum grain size of 16 mm - SMA 16
(bitumen 50/70);

asphalt concrete with crushed gravel with a
maximum grain size of 16 mm - BAPC 16
(Bitumen 50/70);

asphalt concrete with a maximum grain size
of 11.2 mm - BA 11.2;

asphalt concrete with crushed gravel with a
maximum grain size of 8§ mm - BAPC §;
asphalt concrete with a maximum grain size
of 8§ mm - BA §;

asphalt concrete with crushed gravel with a
maximum grain size of 31.5 mm - BAPC
31.5.

binder layer:

asphalt concrete with modified bitumen
and a maximum grain size of 22.4 - BAD
22.4 (Bitumen PmB45/80-65)

base layer:

bituminous asphalt with a maximum grain
size of 31.5 mm - AB 31.5;

bituminous asphalt with a maximum grain
size of 22.4 mm - AB 22.4.

Bitumen is part of an asphalt mixture in a
proportion of 5-7% of its mass and the optimal
dosage must be chosen depending on the
physical and mechanical characteristics
considered.
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High stability for approx. 5.3 % percentage of
bitumen is shown in Figure 1.

An inverse dependence, i.e. bitumen content
increases, water absorption decreases, is
observed in Figure 2.

In Figure 3, density is mainly influenced by the
source of aggregates (i.e. their density).

The characterization of asphalt mixtures
through dynamic laboratory tests is presented
in Figures 4, 5 and 6.

Stability (kN)

45 5 5.5

percentage of bitumen (%)

Figure 1. Graphical representation of Stability - the
percentage of bitumen

Water absorption (%)

45 5 55

percentage of bitumen (%)

Figure 2. Graphical representation of water absorption -
percentage of bitumen
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Figure 3. Graphical representation of Density-percentage
of bitumen

The modulus of rigidity is higher for asphalt
mixtures used in base layers (Figure 4).
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The lower the dynamic creep, the more
resistant the mixture is under traffic (Figure 5).
It is important that the tracking resistance is
below 5 min. cycles to cracking at 15°C to
avoid undulations under traffic (Figure 6).
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Figure 4. Graphical representation of the modulus of
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Figure 5. Graphical representation of the resistance to
permanent deformations — dynamic creep - deformation
at 50°C, 300 kPa and 10000 impulses
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Figure 6. Graphical representation of the rate of
deformation at tracking at 60°C

Description of different types of asphalt
mixtures, including those with recycled
materials

As a case study, the asphalt mixture type SMA
16 is presented, prepared in two variants in
which different conventional raw materials and
recycled materials were used:
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- asphalt mixture prepared with quarry aggre-
gates, filler, fibre and road bitumen type 50/70
modified with 15% recycled rubber (MA1);
asphalt mixture prepared with recycled
asphalt mixture, quarry aggregates, filler, fibre
and bitumen PmB45/80-50 (MA2).

The two asphalt mixtures were designed in
accordance with the requirements of the
documents: Normative AND 605:2016 and SR
EN 13108-5:2016.

Bitumen modified with a polymer (in our case
recycled rubber) and which consists of two
distinct phases, can be considered in three
situations (Brule, 1993; Dony, 2014):

* The polymer content is low (below 4%), the
bitumen constitutes the continuous phase of the
system in which the polymer phase is dispersed
(Figure 7a). The dispersed polymer phase
improves the properties at high service
temperature and at low temperatures.

Figure 7a. The polymer phase is dispersed (Dony, 2014)

 The polymer content is high (above 7%), the
polymer phase constitutes the matrix of the
system (Figure 7b). In this case the polymer is
plasticized by the oils in the bitumen in which
the heavy fractions of the initial binder are
dispersed. The properties of this system are
fundamentally different from those of a
bitumen and depend largely on the properties
of the polymer.

bitumen (Dony, 2014)

256

The polymer content is around 5%,
microstructures are obtained in which the two
phases are continuous and interpenetrated
(Figure 7c). However, this system presents
stability problems, being difficult to control.

Figure 7c. Microstructures are obtained in which the two
phases are continuous and interpenetrated (Dony, 2014)

The rheological properties of modified bitumen
are strongly influenced by the polymer content
(Tudose, 1982). For a low polymer content
(3%) the behavior of modified bitumen remains
close to that of plain bitumen, and for modified
bitumen with a high polymer content (e.g.
higher than 6%) the rheological behavior
changes fundamentally. These rheological
properties are highlighted in (Background of
SUPERPAVE asphalt binder test methods,
1994), which selects the measurement of the
bitumen's contribution to improving the
resistance to permanent deformation. This
methodology demonstrates that the bitumen
must have both a high complex modulus and
high elasticity at the maximum temperature that
the asphalt pavement can withstand.

Dynamic shear and bending tests on plain and
modified bitumen have revealed the dynamic
shear modulus (G, Pa), and the phase angle (5,
deg). For a given complex shear modulus, low
values of the phase angle are found, so better
resistance to permanent deformations and
better fatigue resistance (Tudose, 1982). There
is an influence of the styrene-butadiene-styrene
type polymer (rubber) on the complex modulus
and the phase shift angle (Tudose, 1982), a
decrease in the phase shift with the increase in
the values of the complex shear modulus.

The graphical representation of Complex shear
modulus-temperature shows a plateau with a
high modulus that varies little with temperature
(low temperature susceptibility), resulting in
good resistance to permanent deformation
(Tudose, 1982).
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In Figure 8, two asphalt mixtures used for
thewear layer are presented in comparison:
MA1-asphalt mixture (prepared with bitumen
type 50/70 modified with 15% rubber powder)
and MA2-asphalt mixture (prepared with
modified bitumen type PmB45/80-50). The
results for the tracking test by monitoring are
the deformation rate at 50°C, 300 kPa and
10000 pulses (mm/10000 cycles) and the rut
depth % of the initial thickness of the sample.
Bitumen modified with rubber powder is
obtained in bitumen modification installation or
laboratory, by introducing a recycled material
into the bitumen mass, in this case recycled
rubber.
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Defor mation rate &
rutting (mm/L0000
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Figure 8. Comparative representation of MA1 and MA2
The performance of the two asphalt mixtures
MA1 and MA2 in operation was also

monitored, by performing in situ tests on two
road sections, 6 months after laying (Table 1).

Table 1. Results of in situ tests

The behavior of the two mixtures in terms of
roughness and deformations can be compared
using Figures 9 and 10. The asphalt mixture
with recycled rubber shows greater roughness
but also a high resistance to permanent
deformation at 60°C, as illustrated in Figure 10.

Roughness (with SRT pendulum), SRT units

90

MA1 MA2

mat1lm from axis at 3 m from axis

Figure 9. Variation of roughness between asphalt
mixtures (MA1 and MA2)

Resistance to permanent deformation at 60°C

w B oW oo

MA1 MA2

W rut depth, mm/% of the initial samplethickness

m rutting deformation rate, mm/10000 cycles

Figure 10. Variation of resistance to deformations
between asphalt mixtures (MA1 and MA2)

CONCLUSIONS

Values
Determined Obtained Imposed by | Tost The service life of road structures is very
characteristics Normative method N . N
AND 605 important, starting from the date of execution
MAL | MA2 and commissioning until the decision to
Roughness (with s .
SRT pendulum), SRT rehabilitate or reconstruct is made.
units From the presented study it can be concluded
at 1 m from axis 90 83 SR EN : : :
at3 m from axis &7 o1 min. 80 130364 that recycled mat.erlals used in the preparation
Roughness of asphalt mixtures can have better
x;l“mem“ method), performance compared to classic asphalt
at 1'm from the axis | 1.6 13 _ SREN mixtures, important for the road‘s service life.
aRtB_m from the axis 1.5 1.2 min. 1.2 13036-1 To carry out durable and high-performance
esistance to T, . .
permanent works, it is important to test the physical-
deformation at 60°C mechanical and dynamic characteristics of the
(tracking) determined ] . A .
?hr;cr(;:ds'taken from | o | e xS SREN resulting asphalt mixture. It is also important to
: . 12697-22 declare the performance of asphalt mixtures
crut depth, mm/% of | 55| 55 max. 0.5 +Al : :
the initial sample : : o under the requirements of Regulation (EU) No.
thickness 4 305/2011 and the harmonized European
-tracking deformation |
rate, mm/10000 standards (often referred to as "CE marking").
cycles
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The trend of studying the potential of some
additions of animal waste and agro-industrial
by-products for use in the construction field
should be sustained at the level of exploratory
research also in the direction of additions in
asphalt mixtures (only for temporary roads, no
heavy traffic) (Popa et al., 2021; 2023).
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Abstract

The restoration of sites contaminated by the petroleum industry aims to mitigate negative effects on the environment,
and human health, and facilitate the reuse of significant land areas. In addition to reducing soil contaminant
concentrations, another objective of restoration is the rehabilitation of the vegetation layer. The use of sewage sludge
in decontamination processes can provide nutrients and microorganisms, potentially forming the basis for vegetation
layer regeneration. However, the application of sewage sludge can also have negative environmental impacts due to
high concentrations of heavy metals and the presence of various pathogenic microbiota. This study presents an
experimental investigation into the potential use of sewage sludge for remediating petroleum-contaminated sites and
regenerating the vegetation layer. Lawn grass was sown in the remediated soil treated with sewage sludge to study its
development. Using combined SEM-EDX and electrochemical methods, we analysed the plant microstructure and the
distribution of chemical elements to evaluate turf growth. The results obtained are promising and open new research
perspectives for the use of sewage sludge in the remediation of sites contaminated by the oil industry.

Key words: bioremediation, environment, petroleum, pollution, sewage sludge.

INTRODUCTION bioremediation process, it also comes with a

contribution of mineral matter that, when
Contaminated sites from the petroleum industry mixed with the soil it has bioremediated, can to
represent a mosaic in the world's geographical a certain extent complete the need for filling
landscape, occupying large areas of land. material in excavated areas, thus minimizing
Restoring the natural environment with the aim the use of natural resources. By using sewage
of reusing land has become a global concern of  sludge in the bioremediation processes of soils
humanity, but with the optimization of  contaminated with petroleum hydrocarbons, it
restoration activities and minimizing costs. A was found that there is a double recovery of
current approach to the remediation of  two materials with harmful effects on the
contaminated sites is based on the assessment environment: sewage sludge and contaminated
of associated risks, so that the return to the soil from the petroleum industry, thus reducing
natural cycle does not pose risks to the the disposal of hazardous waste (lorga et al.,
environment and human health. 2025). Previous research has shown that
The present study is a continuation of the petroleum hydrocarbons contaminated soil and
research on the restoration of contaminated  bioremediated with sewage sludge can be the
sites from the petroleum industry using sewage basis for the development of a fertile layer for
sludge. Previous studies have shown the plant growth (Iorga et al., 2024). Both the high
bioremediation potential of sewage sludge for content of heterotrophic bacteria and
lands polluted with petroleum hydrocarbons. In filamentous fungi identified by microbiological
addition to the nutrient and microorganism  analyses the soil microstructure and the
content of sewage sludge that helps in the distribution of chemical elements with a role in
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plant growth were identified in petroleum
hydrocarbon contaminated soils and
bioremediated with sewage sludge.

In the present study, the microstructure and
elemental analysis of the soil-sewage sludge/
plant systems were studied using a scanning
electron microscope coupled with an energy
dispersive X-ray analyzer (SEM-EDX) method.
The morphological and elemental characte-
ristics of the control soil were presented before
(Torga et al., 2024). Therefore, the results of
these two research papers will be correlated to
validate them.

Nitrite monitoring in soil is essential as these
compounds have a significant impact on
agriculture and human health. Nitrite is part of
the nitrogen cycle and eutrophication, and its
accumulation in soil can lead to high toxic
effects on plants and animals. Furthermore,
nitrites and nitrates are used as additives in
food processing and as inhibitors of the growth
of microorganisms, and their overexpression in
the body can affect the transport of oxygen in
the blood and generate methemoglobinemia,
which is known to cause death (Beeckman et
al., 2018; Zdolec et al., 2022). In this regard,
electrochemical detection methods were used
because they have high sensitivity and rapidity
in detection. Electrochemical sensors based on
carbon nanomaterials were developed for the
sensitive and rapid determination of nitrite
from soil solution samples extracted with low-
volume suction lysimeters. The techniques
used in this study were cyclic voltammetry
(CV) and amperometry.

MATERIALS AND METHODS

The analyzed samples come from three
mixtures made from soil contaminated with
petroleum products bioremedied with sewage
sludge (S: N v/v), in three different proportions
S2:N1 (2:1 v/v), SI:N1 (1:1 v/v), and S1:N2
(1:2 v/v). The soil mixtures were introduced
separately into pots and sown with turf. The
analysis of the samples was carried out both
from each bioremedied soil mixture and from
each pot, two months after the development of
the plants. The turf was sown on the last day of
January 2024, during a period of the year when
seed germination cannot occur under natural
conditions. The pots were kept in the free
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atmosphere of the laboratory, at a temperature
of approximately 22-24°C (Iorga et al., 2024).
SEM images were captured using TESCAN
VEGA microscope (Brno, Czech Republic),
from CC-ITI laboratory “Dundrea de Jos”
University of Galati. Prior to imagistic
evaluation, the organic samples were thin metal
layered by means of pulverization method (SPI
Supplies, West Chester, USA) (lorga et al.,
2024). The powdered and grass samples were
dried, then fixed onto aluminium stub using
double adhesive carbon tape, as described by
Caprita et al. (2021). The low-vacuum pressure
(60 Pa) and electron accelerating voltage of 10
kV allowed to identify many chemical elements
as possible, at two different magnifications
(260X and 1400X). SEM-EDX results were
obtained on randomly selected areas from the
surface, for major and trace elements quanti-
fication and spatially mapping. Electrochemical
measurements were performed with a portable
Potentiostat/Galvanostat from Metrohm
Dropsens, and data recording was performed
using the DropView8400 software. The sensors
used in this study were commercial, screen-
printed, carbon paste electrochemical sensors
DRP-110 (SPE) from Metrohm Dropsense,
which consisted of three electrodes, the
working electrode made of carbon paste, the
reference electrode made of Ag, and the
auxiliary electrode made of graphite. Cyclic
voltammetry measurements were performed in
stationary solution, by sweeping the potential
between -0.2 and 1.0 V, with a scan rate of 0.05
V/sec. Amperometric measurements were per-
formed in stirred solution, all working
potentials being referenced to the reference
electrode made of Ag/AgCl. Amperometric de-
tection of NO2  concentration in soil solutions
was performed with the portable bipotentiostat,
at different applied potentials, depending on the
pH of the soil solution (Gurban et al., 2023).
Preparation of nanomaterial-modified
sensors

To determine the NO2  concentration, the
sensors were functionalized by depositing on
the active surface of the SPE electrodes a
volume ranging from 5 to 20 pL of the multi-
walledcarbon nanotubes (MWCNTSs) suspen-
sion made in a 0.5% low molecular weight
Chitosan solution (CS, molecular weight
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50-190 kDa) in 2% acetic acid. The sensors
obtained and labelled with MC/SPE were stored
at room temperature, protected from light.

Measurements on real soil samples

Small volume suction lysimeters from Hanna
Instruments, 30 cm, were used to collect the
soil solutions that were analyzed. Nitrite con-
centrations were determined by amperometric
measurements using the nanomaterial-modified
screen-printed sensors.

Lysimeter extraction of uncultivated
bioremedied soil solution

Lysimeter extraction of
bioremedied soil solution cultivated

Electrochemical characterization of the
sensors
Cyclic Voltammetry (CV) Studies were

performed using the sensors obtained by
MC/SPE  (MWCNT-CS nanomaterial-based
sensors) in a stationary solution of phosphate
buffer electrolyte (PBS) 0.1 M, pH=7, in the
absence and presence of 5 mM NaNO:z (Figure
1). The potential was swept in a range between
-0.2 Vand 1.0 V vs. Ag/AgCl, with a scan rate
of 0.05 V/sec, for a single scan cycle.

| FSEESEEEEETT N

Data recording

with grass

Figure 1. Soil sample analysis steps

The voltammograms were recorded using the
MC/SPE sensor, and it was observed that the
shape of the cyclic voltammograms for both the
simple electrolyte and the 5 mM nitrite solution
underwent changes (Figure 2).
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Figure 2. Influence of nitrite concentration on the
oxidizing character

Cyclic voltammograms recorded at the surface
of the sensor modified with MWCNTs,
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MC/SPE (PBS, 0.1 M, pH = 7): in the absence
and in the presence of the analyte at different
nitrite concentrations.

In the case of voltammograms recorded using
the MC/SPE sensor, an increase in the intensity
of the anodic current peak can be observed with
the increase in nitrite concentration from 1 to 5
mM (Table 1).

Table 1. Influence of nitrite concentration on oxidation
current and potential

[NO>7] I E
(mM) (1A) V)
0 - -

1 145.682 0.832
2 198.581 0.904
5 292.962 0.890

The increase in the intensity of the anodic peak
current with increasing nitrite concentration
demonstrates the synergistic effect of multi-
walled carbon nanotubes and chitosan. The
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sensors based on MWCNTs-CS showed high
electrocatalytic behavior for nitrite oxidation,
the stability of the nanomaterial on the sensor
surface being considerably improved by using
the chitosan solution.

The potential value of 0.65 V was selected for
performing amperometric studies of nitrite
detection in order to ensure increased
sensitivity and selectivity.

Amperometric determination of nitrite using
MC/SPE-based sensors. Considering the
previous CV studies, the working conditions
for amperometric detection of nitrite were
optimized by using MWCNT-CS/SPE sensors
at an applied potential of 0.65 V, using PBS
(pH of 7-7.5) (Figure 3A and Figure 4A).
Sensor calibration was performed at room
temperature in stirred 0.1 M phosphate buffer
saline (PBS) electrolyte solution, pH 7 (Figure
3A) and pH 7.5 (Figure 4A), respectively, by
applying a potential of 0.65 V vs Ag/AgCl and
successively injecting increasing volumes of
0.1 M nitrite standard solution.

The analytical performances of the MWCNTs-
CS sensors at different pH values were
obtained from the calibration curves using
linear regressions shown in Figure 3B (pH 7)
and Figure 4B (pH 7.5), respectively. Table 2
shows the analytical parameters obtained from
the calibration curves for nitrite detection.
After the development and electrochemical
characterization of the sensors modified with
MWCNTs, using the analytical parameters
obtained from the calibration curves, they were
further used to determine the nitrite content in
solutions of bioremedied soils.

To collect the soil solutions, lysimeters were
used that were introduced into the bioremedied
soil before and after turf cultivation. The
sensors were introduced into the soil solution in
these lysimeters. The determination of the
nitrite content was performed for each sample
volume by interpolating the values of the
currents recorded on the calibration curves for
the used sensors, using the provided portable
potentiostat
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Figure 3. Amperogram (A) and calibration curve (B) obtained in PBS support electrolyte solution, 0.1 M,
pH 7, for nitrite detection using the MC/SPE sensor

80 35
70 30 y=2,4217x - 0,5826 L
60 25 R*=0,9966 .
-~ 20 { 2 .
£ Z1s .
= 40 = o
0 10 ..
s _‘i'.
20
0 e
10 5
0 0 5 10 15
0 1000 2000 3000 4000 5000 6000
Time (sec) Cyo,(mM)
A B

Figure 4. Amperogram (A) and calibration curve (B) obtained in PBS support electrolyte solution, 0.1 M,
pH 7.5, for nitrite detection using the MC/SPE sensor
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Table 2. Analytical performances of MWCNTs - Chitosan based sensors for nitrite determination

pH Linear Domain (mM) R? Sensitivity (LA/mM) Specific sensitivity (LA/mM-cm?)
7 0-9.194 0.996 3.570 28.42
7.5 0-12.664 0.996 2.421 19.275
RESULTS AND DISCUSSIONS macro and micro-elements, and nutrients,
respectively. SEM micrographs of underside
Morphological and chemical plants developed in three soil-sludge systems
characterization are shown in Figure 7 a-c. After experimental
Microstructure, variability and distribution of  soil remediation, a lot of necessary elements
chemical elements in plants which are  were identified in roots, with increasing
developed under un-treated and treated soil concentration. So, we can remark the

systems were investigated by means of SEM-
EDX combined method (Figures 5-7).
Morphological and elemental characteristics of
control soil were presented by (lorga, et
al.2024). Therefore, the results from these two
research papers will be corelated to validate
them. The microstructure of root’s lawn grass
grew up from uncontaminated soil was
imagistic explored at two scale bars — 200 um
(total view) and 50 pm (detail) (Figure 5a-b).
Mineral compounds can be distinguished by
varied shapes and gray shades, attached on the
plant cellular tissue. The presence of natural
elements was marked out by semi-quantitative
and qualitative X-ray analysis (Figure 5c-d).
Higher carbon content (55.1 wt.%) has a com-
ponent derived from carbon tape, as fixation
tool. The macro / micro-elements and nutrients
identified from roots have very low concen-
trations compared to that from soil, as presen-
ted by lorga et al. in 2024. This could be
explained by the soil fertilization deficiency
during these experiments, which can slow
down the vegetal growing process and affect
root evolution (the case of phosphorous).
Figure 6a shows the mapping of macro / micro
and trace of elements in the sewage sludge
powder.

It is known that sewage sludge has high content
in organic compounds and lower in nutrients.
Usually, 2.39 wt.% of carbon in soil is
comparable with the European average for the
soil upper horizon (2.48 wt.%) (Salminen et al.,
2005). However, higher C value of 11.03 wt.%
in sludge is due to the presence of carbonates.
Heavy metals were identified as minor
elements in sludge, around 1 wt.%. The
bioremediation effect of sewage sludge on
vegetal layer is here discussed in terms of
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stimulating effect of sewage sludge, attributed
to large amounts of nutrients (Mg, P, S, Na,
Ca), as showed (Kominko et al., 2022). For
example, P content increased from 0 wt.%
(S1:N1 v/v) to 1.7 wt.% (S2:N1 v/v); Ca varied
from 5.5 wt.% (S1:N1 v/v) to 9.9 wt.% (S2:N1
v/v); Fe is almost constant (2.16 wt.%). At the
same time, some heavy elements (Al, Ni, Mn,
Cu, Zr, Cr, Cd) from sludge (Figure 7b) are
accumulated in roots. Aluminium is one of the
toxic elements which has been found
decreasing from 2.6 wt.% (S1:N1 v/v) to 1.9
wt.% (S2:N1 v/v) and the others are trace of
element (< 0.5 wt.%). Thus, we can conclude
that S2:N1 v/v mixture of soil and sewage
sludge could be a promising solution for
natural fertilizer of contaminated sites.

Amperometric detection of nitrite in real soil
samples using MWCNTSs/SPE sensors
MWCNTSs/SPE sensors were used to detect
nitrite content in different soil samples. Using
lysimeters, a sufficient amount of soil solutions
was extracted and transferred to new contain-
ners. The electrode was placed in a horizontal
position and for amperometric detection, 200
puL of sample was taken and injected directly
onto the sensor surface. The actual detection
took place and the nitrite amounts in the
samples were determined by interpolating the
values of the currents recorded on the cali-
bration curves obtained for the pH values 7,
respectively 7.5 corresponding to the soil
samples. Table 3 shows the results obtained
from amperometric studies on soil samples.
From the soil samples without plants analyzed,
it is observed that at pH 7 in the S2:N1(v/v)
mixture, the lowest nitrite concentration value
was recorded (0.023 g/L).
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Figure 5. SEM images (a-b), X-ray spectrum (c) and semi-quantitative EDX results (d) of root’s lawn grass,
developed under uncontaminated soil conditions
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Figure 6. Elemental distribution map (a) and concentration (wt.%) (b) of sewage sludge sample,
before soil mixing process
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Figure 7. Imagistic and chemical composition results of root’s lawn grass tested
in three soil-sewage sludge/plant systems: a) S1:N1; b) S1:N2; ¢) S2:N1
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Table 3. Nitrite concentration determined from soil samples

Soil without plants

Soil with plants

Sample pH

pH

mM g/L mM g/L
S2-N1 7 0.491 0.023 7.5 0.471 0.022
S1-N1 7.5 0.532 0.024 7.5 0.491 0.023
S1-N2 7.5 0.880 0.040 7.5 0.749 0.034
In the mixtures where a slight increase in pH CONCLUSIONS

7.5 was observed, an increase in nitrite
concentration values was also observed as the
amount of sludge increased from 0.024 g/L in
S1:N1 (v/v) to 0.040 g/L in S1:N2 (v/v). At the
time of determination, from the analysis of the
results of the soil samples with plants, it is
observed that at pH 7.5 of the S2:N1 mixture,
the determined nitrite concentration is lower
than in the initial S2:N1 mixture. For the other
mixtures, the pH values did not change,
remaining at 7.5, but the nitrite concentration
values decreased from 0.024 g/L in S1:Nl
without plants to 0.023 g/L in the SI1:N1
sample with plants, respectively from 0.040
g/L (S1:N2 without plants) to 0.034 g/L (S1:N2
with plants). The results are predictable, as it is
known that some nitrites are absorbed by plant
roots. Considering the pH variation in the
analyzed samples, a determination over time
was carried out on samples of mixtures
cultivated with turf, for a period of 32 days, the
results being presented in the following Table
4. Sample S1-N1 had a relatively constant pH
of 7.5, except for a decrease to pH 7 after 7
days. Sample S1-N2 showed a small decrease
in pH from 7.5 to 7 after one week and then
increased to 7.5 after 19 days, remained at 7.5
after 29 days and increased slightly to pH 8 on
day 32. Sample S2-N1 showed pH variations
between 7 and 7.5 over the course of 29 days,
then increased to pH 8 after 32 days.
Electrochemical determinations were
performed as a function of pH.

Table 4. pH values recorded over time for the analysed
soil samples

Time period pH
between tests (days) S1-N1 S1-N2  S2-N1
0 7.5 7.5 7
7 7 7 7.5
19 7.5 7.5 7
29 7.5 7.5 7.5
32 7.5 8 8
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The use of sewage sludge for remediating
petroleum-contaminated sites and regeneration
of vegetation was studied. The stimulating
effect of the sewage sludge on plant growth is
attributed to the presence of a large amounts of
nutrients in the sludge which is confirmed by
SEM-EDX analysis. Electrochemical sensors
modified with MWCNTs-CS nanomaterials
were used for the amperometric detection of
nitrite in real soil samples collected using
lysimeters, showing a decrease of nitrite
concentrations due to plant growth and thus, a
bioremediation effect.

ACKNOWLEDGEMENTS

The support was provided by the Ministry of
Research, Innovation, and Digitization through
Core Program PN 23.06.01.01.

REFERENCES

Beeckman, F., Motte, H., & Beeckman, T. (2018).
Nitrification in agricultural soils: impact, actors and
mitigation. Current Opinion in Biotechnology, 50,
66-173.

Caprita, A., Ene, A., & Cantaragiu Ceoromila A. (2021).
Valorification of ulva rigida algae in pulp and paper
industry for improved paper characteristics and
wastewater heavy metal filtration. Sustainability,
13(19), 10763.

Gurban, A.M., Zamfir, L.G., Epure, P., Suica-Bunghez,
L.R., Senin, R.M., Jecu, M.L., Jinga, M.L., & Doni
M. (2023). Flexible Miniaturized Electrochemical
Sensors Based on Multiwalled Carbon Nanotube-
Chitosan Nanomaterial for Determination of Nitrite
in Soil Solutions. Chemosensors, 11(224).

Torga, C.M., Topa, C.M., Ghisman, G, Ceoromila
Cantaragiu, A., & Stancu, M.M. (2024). Vegetal
layer restoration of contaminated sites from
petroleum industry using sewage sludge. Annals of
“Dundrea de Jos” University of Galati, mathematics,
physics, theoretical mechanics, fascicle II, year XVI
(XLVID, (1), 17-23.



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

Torga, C.M., Georgescu, L.P., Ungureanu, C., Stancu, &
M.M. (2025). Sustainable remediation of polluted
soils from the oil industry using sludge from
municipal wastewater treatment plants. Processes,
13, 245.

Kominko, H., Gorazda, K., & Wzorek, Z. (2022). Effect
of sewage sludge-based fertilizers on biomass growth
and heavy metal accumulation in plants. Journal of
Environmental Management, 305, 114417.

Salminen, R., Reeder, S., De Vivo, B., Demetriades, A.,
Pirc, S., Batista, M.J., Marsina, K., Ottesen, R.T.,
O’Connor, P.J., Bidovec, M., Lima, A., Siewers, U.,
Smith, B., Taylor, H., Shaw, R., Salpeteur, I.,
Gregorauskiene, V., Halamic, J., Slaninka, I., Lax,
K., Gravesen, P., Birke, M., Breward, N., Ander,

267

E.L., Jordan, G., Duris, M., Klein, P., Locutura, J.,
Bel-lan, A., Pasieczna, A., Lis, J., Mazreku, A.,
Gilucis, A., Heitzmann, P., Klaver, G., & Petersell, V
FOREGS Geochemical Atlas of Europe, Part 1:
Background Information, Methodology and Maps.
Available from:
https://www.researchgate.net/publication/259290724

_FOREGS_Geochemical Atlas_of Europe Part 1

Background Information Methodology and Maps#f
ullTextFileContent [accessed Mar 24, 2025].

Zdolec N., Bogdanovi¢ T., Severin K., Dobrani¢ V.,

Kazazi¢ S., Grbavac J., Pleadin J., Petrievi¢ S., Ki$
M. (2022). Biogenic amine content in retailed cheese
varieties produced with commercial bacterial or mold
cultures, Processes, 10(1), 10



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

ASSESSMENT OF IRON, COPPER, AND ZINC IN THE MUSCLE
OF PONTIC SHAD: INFLUENCE OF YEAR, WEIGHT, AND LENGTH

Nina-Nicoleta LAZAR!, Miidilina CALMUC!, Ira-Adeline SIMIONOV!3,
Maxim ARSENI"2, Mihaela TIMOFTI" 2, Puiu-Lucian GEORGESCU"?2,
Citilina ITICESCU" 2, Violeta DOMNITEANU*

"“Dunirea de Jos” University of Galati, REXDAN Research Centre,
98 George Cosbuc Street, 800223, Galati, Romania
2“Dunirea de Jos” University of Galati, Faculty of Sciences and Environment,
111 Domneasca Street, 800201, Galati, Romania
**Dundrea de Jos” University of Galati, Faculty of Food Science and Engineering,
111 Domneasca Street, 800201, Galati, Romania
4Software Republic S.R.L., Sivita Village, Tulucesti Commune,
4 Trandafirilor Street, 800204, Galati, Romania

Corresponding author email: nina.condurache@ugal.ro

Abstract

This study aimed to analyze the concentrations of iron (Fe), copper (Cu), and zinc (Zn) in pontic shad (Alosa immaculata)
and assess the influence of factors such as capture year, length, and weight on these concentrations. Fish samples were
collected during the 2023 and 2024 fishing seasons. After recording the length and weight of each specimen, the muscle
underwent acidic digestion. The concentrations of Fe, Cu, and Zn were then determined using a Total Reflection X-ray
Fluorescence (TXRF) spectrometer. The results revealed an overall increase in chemical elements concentrations from
2023 to 2024. While Cu levels showed no correlation with length or weight, Fe and Zn exhibited strong correlations with
these parameters.

Key words: Alosa immaculata, chemical elements, correlation, Total Reflection X-ray Fluorescence (TXRF).

INTRODUCTION water (Bury, 2003). According to Kumar et al.
(2024), many factors impact the concentrations
Fish size may influence the concentration of  of Fe, Cu, and Zn in fish, including age, size,
some important metals in its tissues. But does sex, swimming behavior, the environment, and
this association apply to all chemical elements? eating behaviors. Since larger fish generally
Copper (Cu), zinc (Zn) and iron (Fe) are have more body mass and muscle tissue, they
chemical elements that are vital to all living  tend to have higher concentrations of certain
species, including fish, and play important roles chemical elements compared to smaller fish,
in cellular metabolic processes. However, high although the concentration per unit of muscle
concentrations of these substances may produce may be lower than in smaller fish. Additionally,
more harm than benefits ( Simionov et al., 2023; larger fish are often older and may have
Dinu (Tacob) et al., 2024). For instance, redox accumulated more chemical elements due to
activity of Cu and Fe can produce harmful free longer exposure to their environment,
radicals that can react with biomolecules  particularly if those metals are present in the
including lipids, proteins, and DNA. The water, sediment, or food ( Jezierska & Witeska,
oxidation of these compounds can cause cellular 2006; Luczynska & Tonska, 2006; Has-Schon et
damage, damage normal biological functioning, al., 2015; Balzani et al., 2022).
and contribute to the development of a variety of  Alosa immaculata (Bennett, 1835), commonly
disorders (Bury, 2003; Kozlowski et al., 2009; referred to as the pontic shad, is a marine teleost
Wang et al., 2024). In fish, these compounds can fish native to the Black Sea. It belongs to the
enter the body in two main ways: through the Clupeidae family, along with the herrings,
intestines from food or through the gills from the sardines and sprats. As an anadromous
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migratory species, it inhabits the sea but
migrates to coastal lakes and lower sections of
rivers (such as the Danube, Dniester, and Prut)
to spawn in the springtime. It is predominantly a
predator and a secondary macrophage that feeds
solely in saltwater habitats, consuming small
fish and crustaceans. It does not feed in
freshwater (https://fish-commercial-
names.ec.europa.eu/; https://fishbase.se/).

In Romania, the Pontic shad is an economically
valuable fish species, with its population in
decline (Milea et al., 2023). For this reason, the
Pontic shad has been added to the IUCN Red
List of Threatened Species (Lazar et al., 2024).
In the scientific literature there are several
studies on the presence of heavy metals in the
transition zone of the Pontic shad, the presence
of these heavy metals being characteristic of the
Lower Danube area (Burada et al., 2015).
Considering that the Pontic shad is not a fish
species as extensively studied as others, yet it
holds significant importance for Romanian
traditions, customs, gastronomy, and economy,
the aim of this study was:

The use of the TXRF method for precise
determination of the Fe, Cu, and Zn.

The analysis of Fe, Cu, and Zn content in
Alosa immaculata captured in 2023 and
2024.

The preliminary investigation of the
correlations between fish length, weight, and
the concentrations of these metals.

MATERIALS AND METHODS

Chemicals and reagents

The following reagents were used: Gallium (Ga)
standard solution purchased from SCP Science
(Canada); polyvinyl alcohol (PVA), Suprapur
nitric acid 65% (HNO3), and perhydrol 30%
(H202)  purchased from  Sigma-Aldrich
(Germany), and silicone solution in isopropanol
purchased from Serva Electrophoresis GmbH
(Germany).

Sample preparation

Three Pontic shad specimens were collected
during each fishing season (April-May) in 2023
and 2024, utilizing traditional methods
associated with commercial fishing in the Lower
Danube Basin. Following capture, they were
transported to the REXDAN Research
Infrastructure, at the “Dunarea de Jos”
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University of Galati, Romania. After having
measured the total length and weight, the fish
were washed with ultrapure water, dissected,
and muscle tissue samples were taken for
analysis. Each muscle sample was subsequently
digested using a microwave digestion
procedure, as described by Simionov et al.
(2023), with a mixture of 65% HNOs and 30%
H20: in a 9:1 ratio. Following digestion, the
samples were diluted to 50 mL with ultrapure
type I water and stored in Falcon tubes for
further analysis using TXRF (Figure 1).

Figure 1. Digested samples of pontic shad

TXRF analysis

The sample preparation process included mixing
the digested samples with a 0.3 g/L PVA
solution at a 10:1 ratio and incorporating an
internal standard. In our study, gallium (Ga) was
used as the internal standard at concentrations
ranging from 50 to 100 pg/L, depending on the
sample matrix. Subsequently, 10 uL of each
prepared sample was transferred onto a
siliconized quartz carrier and dried on a hot plate
at 50°C for 5 min. Measurements were
conducted in triplicate for 1000 sec per sample,
using a Bruker S4 T-Star spectrometer (Bruker
AXS Microanalysis GmbH, Billerica, MA,
USA) illustrated in Figure 2. The results were
reported as the mean + standard deviation of the
triplicates. The elemental concentrations in the
samples were calculated using the following
equation:

Ci = CIS - Ni - SIS/NIS - Si

where:
- Ci represents the element concentration;
- CIS is the Ga concentration;
- Ni is the element net count rate;
- NIS is the Ga net count rate,
- Si is the element sensitivity factor;
- SIS is the Ga sensitivity factor.
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Before measurements, the equipment was
calibrated as described by Lazar et al. (2025).

Figure 2. Sample analyzis using Bruker S4 T-Star
spectrometer at REXDAN Research Infrastructure

Statistical Analysis

The data were analyzed using descriptive
statistics (mean and standard deviation),
inferential statistics (ANOVA), and exploratory
and relational analysis (correlation matrices),
employing Minitab 17 software and Microsoft
Excel.

RESULTS AND DISCUSSIONS

Understanding fish weight, length, and metals’
concentrations offers essential information for
managing fish populations, protecting human
health, and ensuring environmental
sustainability. These factors contribute to the
responsible use of fishery resources while
protecting aquatic ecosystems and public health.
Table 1 shows the length and weight ranges of
the pontic shad specimens captured and
analysed in our study. The lengths of the fish
from 2023 ranged between 26.70 cm and 32.40
cm, while for those of 2024 varied between
27.90 cm and 31.60 cm. The weight of the fish
captured in 2023 varied from 144.10 g to 206.17
g, while for the specimens from 2024 varied
between 200.58 g and 273.21 g, with a mean
weight of 226.76 + 40.33 g. Stroe et al. (2024)
reported a mean weight of 223.5+44.95 gand a
mean length of 29.53 = 1.79 cm for the Pontic
shad specimens captured during March-June
2023 between 169-197 river km along the
Danube.

In our study, it can be noted that the Pontic shad
specimens captured in 2024 were larger in terms
of weight compared to the specimens captured
in 2023, which may suggest a possible greater
food availability or favorable environmental
factors.
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Table 1. Biometric data of the analyzed pontic shad

specimens
Fish specimen Length (cm) Weight (g)
PS1(2023) 29.30 206.17
PS2(2023) 32.40 179.42
PS 3(2023) 26.70 144.10
PS 1(2024) 27.90 206.50
PS 2(2024) 28.70 200.58
PS 3 (2024) 31.60 273.21
Figure 3 illustrates the average metal

concentrations in the muscle tissue of pontic
shad, along with their standard deviations. The
highest Fe concentration was observed in PS1
captured in 2024. The highest Cu concentrations
were identified in PS2 from 2024. The highest
Zn concentration was observed in PS3 from
2024.

W Fe(ug/g) wCu(ug/g) mZn(ug/g)

a

. 2
x x x
xy
c . <y
. c . E ICD' B A DE
- - - - - -

PS1(2023) PS2 (2023) PS3 (2023) PS1(2024) PS2(2024) PS3(2024)

Chemical elements concentration (ug/g FW)

0.00

Fish specimen

Figure 3. Concentration of Fe, Cu, and Zn in pontic shad.
Statistical differences in Fe concentrations are indicated
by lowercase letters (a-c), in Cu by uppercase letters (A-
E), and in Zn concentrations by lowercase letters (x-z).
Values that share the same letter are not significantly
different (p > 0.05)

Numerous studies have analyzed heavy metal
concentrations in fish from the Danube River,
yet few have focused on the pontic shad.
Stancheva et al. (2014) reported Fe
concentrations of 9.00 £ 1.00 pg/g wet weight in
pontic shad from the Bulgarian coast of the
Black Sea, captured in 2010. Jitar et al. (2015)
documented Cu concentrations ranging from
0.73 to 2.10 pg/g wet weight and Zn
concentrations between 2.22 and 4.12 pg/g wet
weight in specimens collected along the
Romanian coastline of the Black Sea, between
2011 and 2012. Makedonski et al. (2017)
identified Cu concentrations of 0.45 £ 0.03 pg/g
wet weight and Zn concentrations of 9.00 & 1.00
ng/g wet weight in Pontic shad from the
Bulgarian coast, also from 2010. Bat et al.



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

(2018) reported a Cu concentration of 2.25 +
0.81 pg/g wet weight in the muscle tissue of
Pontic shad fished from Turkish waters of the
Black Sea in 2016. More recently, Simionov et
al. (2021) reported Cu concentrations of 0.40 +
0.10 pg/g wet weight in Pontic shad from both
the Black Sea and the Danube River. They also
recorded Zn concentrations of 4.00 = 0.40 pg/g
wet weight in specimens from the Black Sea and
3.60 = 0.30 pg/g wet weight from the Danube
River. Additionally, Fe concentrations were
reported at 10.50 £ 1.60 pg/g wet weight in
Pontic shad from the Black Sea, and 6.00 + 1.00
png/g wet weight from the Danube River.
Comparing our results with previous studies on
metals’ accumulation in pontic shad highlights
both similarities and differences across various
geographic areas and years, providing insight
into potential environmental and ecological
influences.

Furthermore, beyond concentration levels, it is
also crucial to explore how these metals relate to
the biometric characteristics of the specimens.
Figures 4 and 5 present the correlation between
the concentrations of metals identified in the
muscle of the pontic shad fished in 2023 and
2024, and their biometric data. In the case of the
specimens from 2023, both negative and
positive correlations can be observed. For
instance, between Fe and Zn, a strong negative
correlation can be observed with a value of -
0.96. Fe also showed a strong negative
correlation with a value of -0.99 with the length,
and a moderate negative correlation with the
weight of the fish. Zn has a strong positive
correlation with the length (0.98) and moderate
positive correlation with the weight (0.67). Cu
has a moderate positive correlation with Fe
(0.69), suggesting that these metals may be
regulated similarly in the body. Cu also showed
a negative correlation with length (-0.62),
indicating a possible dilution of copper in larger
fish. Weight and length are somewhat positively
correlated, with a value of 0.52, suggesting
allometric growth (not necessarily proportional
between length and weight).

In the case of the pontic shad caught in 2024, a
strong negative correlation between Fe and Cu
(-0.85) was also observed. Fe showed a low
correlation with the length and Zn
concentration, but a high correlation with
weight.
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Figure 4. Correlation matrix of Fe, Cu, Zn, and biometric

data of the pontic shad from 2023. Green color - highest
value; yellow color - average value; red color - lowest

value
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Figure 5. Correlation matrix of Fe, Cu, Zn, and biometric
data of the pontic shad from 2024. Green color - highest
value; yellow color - average value; red color - lowest
value

Zn had very strong correlations with the length
(0.99) and weight (0.99). In addition, the length
(L) and weight (G) had a very strong correlation
(0.96). This fact confirms that as fish grow in
length, they also increase in weight, but not
necessarily in a linear manner (possible
allometric growth as already stated by other
authors).

In our study, Fe and Cu had an antagonistic
relationship in both data sets, with strong
negative correlations. This suggests a biological
competition between the two metals, either at
the level of absorption or in the tissue
distribution of the fish. On the other hand, Zn
was strongly correlated with length and weight
in both cases indicating that Zn is an essential
element for fish growth, as it is involved in the
metabolic and structural processes of the fish. In
correlation with weight and length, fish growth
does not seem to be directly proportional to the
accumulation of Fe, Zn, Cu. In a similar study, a
positive correlation between Zn content and
biometric data of pike and negative correlation
between Zn and weight and length of perch was
reported (Luczynska & Tonska, 2006). Positive
correlations between the Cu and Zn
concentrations and the length of fish were
reported in various species of fish from Yangtze
River in China (Yi & Zhangm, 2012). Contrary
to our study, other authors observed a negative
correlation between Cu concentrations and fish
length and weight (Balzani et al., 2022; Kagar,
2022). Furthermore, a positive correlation
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between Fe and the length of S. glaris captured
in Arno river in Italy was reported (Balzani et
al., 2022).

To address the initial question raised at the
beginning of the manuscript, fish size and
weight can affect the bioaccumulation of certain
elements, while having no impact on others. As
previously stated, the concentration of metals in
fish is influenced by multiple factors, such as
age, size, sex, swimming behaviour, the
environment, and feeding habits. Therefore, a
more in-depth study is necessary to fully
understand the process of bioaccumulation in
fish.

CONCLUSIONS

Our research highlighted variations in Fe, Cu,
and Zn concentrations among Pontic shad
specimens. Zn was positively associated with
fish growth, while Fe and Cu showed an inverse
relationship, suggesting that the metal
metabolism and absorption in fish are complex
and primarily influenced by interactions
between metals rather than by size. These
findings contribute to sustainable fisheries
management, ensuring both environmental
protection and public health. However, further
research is needed to fully understand
bioaccumulation mechanisms and their potential
effects on fish health and human consumption.
Studies on biota can be associated with studies
on the quality of surface aquatic ecosystems that
include the determination of the presence of
heavy metals, studies that use statistical methods
of integration of major pollutants with an impact
on biodiversity (Popa et al., 2018).

For future research, we aim to address Lower
Danube areas located in the cross-border area of
Romania, Ukraine and the Republic of Moldova,
where, due to various anthropogenic factors, the
presence of certain pollutants in surface waters
has an important impact on the ichthyofauna
(Iticescu et al., 2016).
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Abstract

Geopolymers can be regarded as a type of sustainable and green building material, with the potential to significantly
reduce carbon emissions when compared with conventional alternatives. The present study analyses the performance of
geopolymeric binder-based composites that have been obtained by means of alkaline activation of fly ash, which is an
abundant industrial waste. The present research is centred upon the evaluation of mechanical properties, such as
compressive strength and flexural strength, as main characteristics of their durability. A further objective of the project
was to investigate the influences of various factors on the final properties of the material. The experimental findings
suggest that the optimised mixture displays enhanced performance with regard to durability and sustainability. This
suggests that the material has considerable potential for use in a variety of construction applications. The study
provides detailed insight into the potential of this innovative material, which contributes to the development of
environmentally friendly construction technologies.

Key words: alkaline activator, Circular Economy, fly ash, geopolymer binder.

INTRODUCTION significant amount of energy consumption
inherent in manufacturing processes (Gartner &
The increasing environmental concerns Hirao, 2015; Andrew, 2018). In contrast, the
surrounding the excessive use of Portland  synthesis of geopolymeric binders entails the
cement (PC) in construction have led alkaline activation of aluminosilicate-rich
researchers to explore alternative, sustainable precursors, resulting in the formation of a
binders with lower carbon footprints (Provis & three-dimensional amorphous network, which
Bernal, 2014; Davidovits, 2015). The exhibits enhanced mechanical and chemical
utilisation of geopolymer binders as a substitute properties (Xu & van Deventer, 2000;
for conventional materials has been identified Chindaprasirt et al., 2007). The use of fly ash, a
as a potential solution for mitigating climate by-product of coal combustion, further
change, with their capacity to incorporate enhances sustainability by diverting waste
industrial by-products such as fly ash, blast = materials from landfills while reducing the
furnace slag and metakaolin, leading to a demand for virgin resources (Van Riessen et
substantial reduction in carbon dioxide (CO-) al., 2013; Abhishek et al., 2020).
emissions (Duxson et al., 2007; Zhang et al., Geopolymerization is a chemical process
2009). Of particular interest are fly ash-based involving the dissolution of aluminosilicate
geopolymers, which have proven to be a  precursors in an alkaline medium, followed by
subject of considerable interest due to their the formation of oligomers that subsequently
widespread  availability and  favourable condense into a rigid network (Phair & van
mechanical and durability characteristics Deventer, 2001; Fernandez-Jiménez et al.,
(Temuujin et al., 2009; Heah et al., 2011). It is 2005). The reaction kinetics and final
estimated that Protland cement production is  properties of geopolymer composites are
responsible for approximately 8% of global influenced by factors such as the precursor
CO: emissions. This is primarily attributable to ~ composition, activator type and concentration,
the limestone calcination process and the curing temperature, and water-to-solid ratio
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(Provis & van Deventer, 2009; Zhang et al.,

2009). The amorphous to semi-crystalline
nature of geopolymer binders provides
excellent mechanical strength, chemical

resistance, and long-term durability (Kumar et
al., 2010; Fernandez-Jiménez et al., 2019). Fly
ash-based geopolymer composites exhibit high
compressive strength, reaching up to 80 MPa
depending on the synthesis conditions
(Sathonsaowaphak et al., 2009; Ryu et al.,
2013). Their mechanical performance is
attributed to the compact microstructure and
strong bonding within the aluminosilicate gel
matrix (Lloyd & Rangan, 2010; Sukmak et al.,
2013). In addition, geopolymer composites
demonstrate enhanced flexural and tensile
strength compared to PC-based counterparts
due to their dense microstructure and reduced
porosity (Lee & van Deventer, 2004; Deb et al.,
2014).

Durability is a critical parameter for assessing
the long-term performance of construction
materials. Fly ash-based geopolymers exhibit
superior resistance to sulfate attack, acid
corrosion, and freeze-thaw cycles compared to
conventional cementitious materials (Bakharev,
2005; Olivia & van Riessen, 2011). The low
calcium content and dense matrix of
geopolymers hinder the formation of expansive
ettringite, thus mitigating degradation due to
sulfate exposure (Lloyd et al., 2012; Ismail et
al., 2013). Additionally, their reduced
permeability and high resistance to chloride
penetration make them suitable for marine and
aggressive environments (Pan et al., 2012;
Pasupathy et al., 2021).

The integration of geopolymer binders into the
circular economy framework is crucial for
achieving sustainable construction practices.
Circular economy principles emphasize the
reduction, reuse, and recycling of materials to
minimize environmental impact and resource
depletion (Ghisellini et al., 2016; Kirchherr et
al., 2017). Fly ash-based geopolymers align
with this concept by utilizing industrial waste
as raw materials, thereby reducing landfill
disposal and promoting the valorization of
secondary resources (Pacheco-Torgal et al.,
2012). Moreover, the long service life and
recyclability of geopolymer composites
contribute to a closed-loop material flow,
further enhancing sustainability (Rahman &

Rasul, 2020). By adopting circular economy
strategies, the construction industry can
significantly decrease its reliance on virgin
materials while improving environmental and
economic performance. Despite the notable
strides made in the field of developing fly ash-
based geopolymer binders, challenges persist in
the optimisation of their formulation, the
assessment of their long-term performance, and
the expansion of their production capacities for
large-scale implementation (Bernal et al., 2011;
Provis, 2018). The present article aims to
provide a comprehensive analysis of the
mechanical and durability characteristics of fly
ash-based geopolymer composites, utilising
various types of aggregates. The article places
particular emphasis on recent advancements in
synthesis techniques, performance evaluation,
and factors that influence the mechanical
properties of the material. The discussion will
contribute to the ongoing efforts to promote
geopolymer technology as a sustainable
alternative  to  traditional = cement-based
materials using Romanian local raw materials.

MATERIALS AND METHODS

The raw materials used in this study were
sourced from local Romanian industries to
promote sustainability and regional resource
utilization. The primary aluminosilicate
precursor, fly ash (FA), was obtained from a
Romanian coal-fired power plant. The chemical
composition of the fly ash was analyzed using
X-ray fluorescence (XRF) (Table 1).

Table 1. Fly ash sample chemical composition

Oxides Percentage (%)
SiO, 46.94
ALO; 23.83
Fe,0; 10.08
CaO 10.72
MgO 2.625
SOs 0.45
Na,O 0.62
K>O 1.645
P05 0.25
TiO, 0.92
Cr203 0.02
Mn203 0.06
ZnO 0.02
SrO 0.03
L.O.I 2.105
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The cumulative distribution of fly ash particles
from a Romanian thermal power plant was
determined using a HELOS RODOS/L, RS
instrument (Sympatec, Germany) in order to
analyse the particle size of the material utilised
in the development of alkali-activated
geopolymers. The physical characteristics of
the fly ash are presented in Figure 1 (Particle
size distribution) and Figure 2 (Distribution
density of the particles), offering a better
visualisation representation.

In order to obtain the alkaline activator (AA)
solution, a commercially purchased sodium
silicate (Na2Si0O3) solution was combined with
a sodium hydroxide (NaOH) solution (purity >
98%) of oM, 8M, and 10M molar
concentrations in various mass ratios at room
temperature. Following the completion of the

solution was stored under laboratory conditions
(23°C) in a closed container for a period of 24
hours in order to allow maturation. In this
study, two types of fine aggregates were
utilised in the preparation of geopolymer
samples: polygranular sand and recycled glass
aggregates with a diameter of 0/4 mm (Figure
3). Each aggregate was used independently to
evaluate its influence on the material's
performance. The selected aggregates were
thoroughly mixed with the binder to ensure
uniform distribution and proper interaction
within the geopolymer matrix. The use of
recycled glass aimed to enhance sustainability
while maintaining the structural integrity of the
material. The activation process and curing
conditions were optimized to promote effective
geopolymerization and achieve a stable
hardened structure.
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Figure 3. Particle size analysis of the recycled glass aggregates (granular class 0/4 mm)

The geopolymer samples were formulated
using two different binder-to-aggregate ratios
of 1:1 and 1.25:1 to assess their influence on
the material's properties. In the alkaline
activation system, sodium silicate (Na:SiOs)
was dissolved in a solution of sodium
hydroxide (NaOH), at a ratio of 2:1 and 1:2,
respectively.

To evaluate the influence of alkalinity on the
geopolymerisation process, the NaOH solution
was prepared in a range of molar
concentrations: 6M, 8M, and 10M. The fly ash-
to-alkaline activator ratio was fixed at 0.9 to
ensure a consistent binder composition. The
prepared mixtures were homogenized to
achieve a uniform consistency before being
cast into molds and subjected to curing under
controlled conditions (70°C for 24 hours).

The specimens were demolded after 24 hours
and cured at elevated temperatures to study the
impact of thermal curing on strength
development. Based on preliminay research,
curing conditions were optimized to achieve
maximum compressive strength and durability
resistance (Lazarescu et al., 2020).

The mix design ratios of the geopolymer
samples are presented in Table 2 (samples
produced using polygranular standardized sand
- PS and samples produced using recycled glass
agreggates - GA). For each mixture, a color
coding was considered. Each result was
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obtained from the combination of a minimum
of three independently tested samples.

All tests were conducted at the age of 7 days,
primarily  because geopolymer  samples
typically gain most of their strength and
resistance during this period, particularly due to
the heat treatment applied. Research indicates
that heat curing accelerates the polymerization
process, allowing geopolymers to reach their
maximum strength within the first week
(Lazarescu et al., 2024). This time frame was
critical for evaluating the material's early-stage
properties, as the heat treatment enhances the
formation of the geopolymer matrix and
strengthens the material. Compressive strength
was seclected as the main parameter for
evaluation due to its direct correlation with the
material’s structural integrity.

RESULTS AND DISCUSSIONS

The results are presented in graphical form,
with each graph, with specific colour code
representing different mixtures. The colour
coding facilitated the identification of
variations in the mixture. Throughout the
analysis, the molar concentration of the NaOH
solution remained constant, ensuring that the
observed differences in the results are solely
attributable to the wvariations in the other
components of the mixture (Figures 4-6).
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Table 2. Mix design ratio of the alkali-activated geopolymer samples

Code colour

Type of aggregate

Polygranular
standardized sand
(PS)

NaOH solution

. Na,SiO; / NaOH ratio
concentration

Binder:Aggregate ratio

10M

8M

6M

Recycled glass
Granular class
0/4 mm

10M

(RG)

M

PI2(RG) |

6M

193

18.6

15.7

15.7
73| |
| | |

P4

o

Compressive strength (N/mm?)

oM

16.2

8M

18.9
15.4

117

7279 6.9
|| 4.7
P9

6M

P8

NaOH solution molar concentration

Figure 4. Graphical representation of the compressive strength variation
in alkali-activated geopolymer samples (10M, 8M, and 6M)

The performance of the geopolymer samples,
particularly in terms of compressive strength,
was found to be significantly affected by the
incorporation of polygranular sand, as indicated
by the results of mechanical tests (Figure 4).
Samples with Na2SiO3/NaOH ratio of 2:1
(P2(PS), P4(PS) -10M, P6(PS), P8(PS) — 8M
and P10(PS), P12(PS) — 6M) exhibited higher
values of compressive strength than those with
a ratio of 1: 2, suggesting that a higher content
of sodium silicate contributes to a better

consolidated and denser geopolymer matrix.
Regarding the influence of the molar
concentration of the NaOH solution, a
significant increase in compressive strength
between 6M and 8M can be observed, but
above this threshold, samples produced with
10M NaOH solution do not show an
improvement in compressive strength, which
indicates reaching a saturation level in the
alkaline activation process.
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Figure 5. Graphical representation of the flexural strength variation
in the alkali-activated geopolymer samples (10M, 8M, and 6M)
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Figure 6. Graphical representation of the hardened state density variation
in the alkali-activated geopolymer samples (10M, 8M, and 6M)

However, the flexural strength test results did
not follow the same trend (Figure 5). Although
the samples with an activator ratio of 2:1 had
better compressive strength, the values
obtained for flexural strength did not show a
direct correlation with this ratio. This differ-
rence suggests that although a denser geo-
polymer matrix favors compressive behavior,
the mechanisms of cracking and crack propa-
gation under tensile stress are influenced by
additional factors such as pore distribution,
microstructure of the gel formed, and inter-
facial adhesion between component phases.

The mechanical performance of the samples
exhibited variation depending on the type of
aggregate utilised. Recycled glass aggregates
demonstrated distinct behaviour in both com-
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pressive and flexural strength when compared
to polygranular sand. For the 1:2 activator
ratio, samples incorporating recycled glass
(P1(RG), P3(RG) — 10M, P5(RG), P7(RG) —
8M, and P9(RG), P11(RG) — 6M) demonstrated
higher compressive strength values. The en-
hancement in strength is attributed to the im-
proved compaction of the geopolymer matrix, a
consequence of the morphology of the glass
particles, and the potential contribution of an
additional pozzolanic reaction involving the
glass particles. However, the general trend was
maintained, and the samples with 2:1 activator
ratio continued to show the best compressive
performance regardless of the type of aggregate
used.
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In terms of the influence of the molar
concentration of NaOH, the same significant
increase was observed between 6M and 8M,
with no significant improvements when using
10M NaOH solution.

However, the tensile behavior was different
from that observed in compression. In contrast
to the samples with polygranular sand, those
with recycled glass aggregates exhibited higher
values of tensile strength, for all the mixtures
(P1-P12(RG)).

This result suggests that glass aggregates may
contribute to improve the ability of the
geopolymer to respond to tensile stresses,
possibly through a more favorable stress
distribution in the matrix and a more efficient
interface between the binder and the
aggregates. Despite the smooth surface of the
glass particles, which could reduce interfacial
adhesion, it is possible that this effect could be
compensated by a better interaction at the
microstructural level, limiting crack initiation
and propagation under tensile stress.

Moreover, optimising the molar concentration
of NaOH within the 6M to 8M range, where
mechanical performance improvements
become negligible beyond this threshold, may
have significant sustainability implications.
This optimisation enables a reduction in the
quantity of alkaline substances required for
geopolymer activation, thereby minimising
both the consumption of chemical resources
and the environmental impact associated with
their production and handling. Within the

framework of the circular economy,
geopolymers emerge as a viable and
environmentally  friendly  alternative  to
conventional building materials, as their
mechanical properties benefit from the
incorporation of recycled aggregates. This
approach not only enhances material

performance but also contributes to effective
glass waste management.

A key aspect highlighted by this study is that,
although the mechanical performance of the
samples differs depending on the type of
aggregates used and the activator ratios, the
density in the hardened state remains relatively
constant for all samples (Figure 6). This result
is extremely important, as it suggests that the
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improvement in  mechanical  properties
observed in some samples is not due to a
simple variation in density, but to a complex
interaction between the geopolymer matrix and
the aggregates. Thus, optimization of material
performance is achieved by changing the
chemical composition and type of aggregates
without significantly affecting the final density.
This observation further supports the potential

of using recycled aggregates in the
development of sustainable geopolymers.
Should the density remain consistent,

irrespective of the type of aggregate utilised, it
can be deduced that recycled glass has the

potential to serve as a substitute for
conventional aggregates without altering the
material's fundamental characteristics.

Additionally, the observation that recycled
glass samples exhibited higher tensile strength
values suggests that these aggregates contribute
to a more uniform stress distribution and
reduce premature cracking. These phenomena,
if substantiated, may enhance the durability of
constructed structures.

Furthermore, the consistency in sample density
suggests  that  incorporating  additional
functionalization, such as the integration of
TiO2 nanoparticles, is unlikely to alter the
material's density but rather enhance its
functional properties. Thus, the utilisation of
geopolymer materials as a medium for the
creation of intelligent and environmentally
sustainable solutions has been demonstrated to
result in a dual effect, with a reduction in
ecological impact through the reutilisation of
discarded materials and an improvement in the
functionality of these solutions, including self-
cleaning properties and antibacterial protection.
It is clear that the constant density of these
materials offers a significant technological
advantage. Indeed, these materials can be
manufactured in a manner that does not
demand substantial adjustments to existing
processes. Consequently, the shift towards
sustainable and intelligent geopolymers
becomes a viable and readily implementable
solution. This transformation has the potential
to redefine the building materials industry by
promoting structures that are more sustainable,
efficient and environmentally friendly.
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CONCLUSIONS

This study emphasises the considerable
influence of aggregate type and activator ratios
on the mechanical performance and durability
of geopolymers, thereby validating their
potential as a sustainable substitute for
conventional building materials. Previous
studies have shown that geopolymer concrete
has higher initial costs due to the price of alkali

activators ~ and  specialized  production
processes. However, due to its superior
durability, low maintenance costs and

significantly lower environmental impact, it is
becoming a sustainable and cost-effective
alternative to traditional concrete in the long
term. A specific cost assessment can only be
made on a case-by-case basis, considering both
initial  costs and  long-term  benefits.
Furthermore, studies have shown that, when
compared to ordinary Portland cement with
similar mechanical properties, geopolymer
concrete reduces CO: equivalent (CO:eq)
emissions by up to 50-60%, due to the use of
industrial waste and the elimination of the
Portland cement production process (Lazarescu
et al, 2024). Thus, in the long term,
geopolymer concrete not only offers the
benefits of durability and low maintenance but
also contributes significantly to the goals of
sustainability and reduced environmental
impact.

This study has shown that, the use of recycled
glass aggregates was found to be beneficial,
improving the tensile strength and, in the case
of an activator ratio of 1:2, even the
compressive strength compared to polygranular
sand. These results highlight that the right
choice of aggregates can lead to optimized
performance of geopolymeric materials, thus
facilitating the transition towards more
sustainable and environmentally friendly
solutions. Furthermore, the recovery of waste
glass contributes directly to reducing the
impact on natural resources, promoting a
circular economy model.

The study also demonstrated that the ratio of
activators to NaOH molar concentration plays a
crucial role in the formation of a stable and
efficient geopolymer network. The significance
of sodium silicate in establishing a compact
structure is substantiated by the attainment of
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optimal mechanical strengths at an activator
ratio of 2:1. An analysis of molar concentration
of NaOH revealed a significant increase
between 6M and 8M, with no such
improvement observed at 10M, thus indicating
the attaining of a saturation point in the
activation process. This finding carries
significant implications for sustainability as it
facilitates optimisation of chemical
consumption, leading to a reduction in costs
and a diminished environmental impact within
the manufacturing process.

It is anticipated that future research on
geopolymer materials will concentrate on
mechanical properties and sustainability. In
addition, however, there is a growing
recognition of the importance of exploring the
development of smart, eco-innovative materials
that can provide enhanced benefits to meet
evolving efficiency and performance demands.
The integration of titanium dioxide (TiO2)
nanoparticles has been identified as a
potentially significant solution in this regard.
This integration has the capacity to impart self-
cleaning, antibacterial, and antimicrobial
properties to geopolymers, thereby enhancing
their applicability in environments subject to
contamination or within urban infrastructure.
The incorporation of TiO: into geopolymer

materials has been shown to yield a
photocatalytic ~ property, enabling  the
degradation of organic pollutants when

exposed to light. This property has the potential
to mitigate the environmental impact of
buildings, positioning geopolymers as a
promising alternative to conventional materials.
The functionalization of geopolymers with
TiO: could lead to their advancement as smart
materials  that actively  contribute to
environmental protection and safety.

In this context, geopolymers are evolving
beyond their traditional role as a sustainable
alternative to conventional cement. They are
increasingly recognised as a pivotal component
in the development of innovative materials
characterised by advanced, adaptable and
environmentally friendly properties. The
integration of the principles of the circular
economy, utilising recycled aggregates, with
cutting-edge nanomaterials-based technologies
is pivotal in shaping a genuine transition
towards smart, eco-innovative materials. These
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materials have the potential to redefine
standards in the domains of construction and
infrastructure. This will not only reduce
environmental impact, but also increase the
durability, functionality, and safety of built
structures, thus contributing to a more
sustainable and smarter future.
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Abstract

The thermal properties of loess soil are essential for the distribution of heat generated by electrical cables in wind
turbines. In these systems, where high-intensity electrical flow induces conductor heating through the Joule effect, the
ability of the soil to facilitate heat transfer has a direct impact on the energy efficiency, operational safety and the
durability of the electrical infrastructure, as inefficient thermal diffusion can lead to conductor overheating, affecting
electrical resistance, degrading insulation and reducing cable lifespan. This study investigates the effects of density and
moisture content on the thermal conductivity of silty soils at different compaction levels. Experimental tests were
conducted on loessial soil samples compacted to 85-90% of the maximum dry density determined by the modified Proctor
test. All measurements included the determination of dry-out curves to observe the variations of thermal conductivity with
a gradual decrease in moisture content. The results indicate an increase in thermal conductivity with higher degree of
compaction due to reduced porosity and improved particle contact.

Key words: dry-out curve, loess, thermal conductivity.

INTRODUCTION One of the technical challenges associated with

underground power cable systems is the thermal
Wind power is considered as one of the most management of conductors that carry high-
efficient and sustainable forms of renewable intensity currents and generate heat through the
electricity, contributing significantly to the Joule effect. This heat must be effectively
reduction of greenhouse gas emissions and  dissipated into the surrounding ground to
global dependence on fossil fuels. As global prevent overheating. The ability of the ground to
energy consumption continues to rise, the transfer this thermal energy - determined
integration of renewable energy sources such as primarily by its thermal conductivity - is a key
wind power is becoming a strategic necessity to factor in preventing excessive temperatures,
long-term environmental and energy security =~ minimising energy losses and extending the

challenges. Wind energy systems are clean, operational life of electrical components such as
widely available and can be implemented on a insulation materials and cable sheaths (Wang et
large scale. al., 2024). Loess is thought to be derived mainly

The rapid development of renewable energy from glacial or periglacial material transported
technologies has led to a significant expansion by wind after glaciers have retreated. However,
of wind energy infrastructure across different loess can also be formed from other sources,
terrains and climates. In this evolving energy  resulting from the accumulation of eroded
landscape, the reliability and durability of  material in dry continental conditions, either
underground electrical systems, particularly cold or warm, which has subsequently been
those associated with wind turbines are critical transported and deposited by the wind. Volcanic
to maintaining overall system performance and ash carried by the wind over long distances from
longevity. These systems play a vital role in the  its source can also be a significant contributor.

safe and efficient transmission of electrical In many areas, loess is eroded by precipitation
power from turbines to substations and the main =~ and runoff and then redeposited in
power grid. accumulations similar to the original, but losing
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its aeolian character through sedimentation
(Dragomir, 2002).

Loess a wind-deposited, fine-grained soil is
common in many regions with large-scale wind
energy projects. It forms extensive sedimentary
layers that often underlie wind turbine
foundations and cable routes. Its physical
properties, such as porosity, moisture retention
capacity, and mineral composition, vary
significantly with compaction and
environmental conditions, affecting its thermal
behaviour. The inherent variability in the
structure and composition of loess presents a
challenge to the design of consistent and safe
cable installations. Inadequate  thermal
conductivity in such soils can lead to conductor
overheating, insulation degradation and a
reduction in the reliability of the underground
cable system (Sangprasat et al., 2024). For this
reason, a thorough investigation of the thermal
conductivity of loess is essential.

In this study, soil samples were collected from a
construction site near Medgidia, Constanta
County, at a depth between 1 to 2 meters. The
site was selected based of its typical loessial
profile, which is common in south-eastern
Romania and representative of the conditions
encountered in wind farm development. The
testing was conducted at the Geotechnical
Laboratory of the Technical University of Civil
Engineering Bucharest. The soil was identified
as loessial, characterised by fine texture, high
capillarity and moderate to high water retention,
making it suitable for detailed thermal analysis.
The aim of this work is to provide insight into
the optimisation of underground electrical
design in wind energy applications by
highlighting the influence of soil properties, in
particular moisture content and maximum dry
density on thermal conductivity. This approach
is in line with the wider aims of improving

renewable energy infrastructure through
innovations in  materials science and
geotechnical engineering.

MATERIALS AND METHODS

Methods for thermal conductivity
measurements

The most relevant thermal parameter of the earth
is the thermal conductivity A, as it directly
influences the heat transfer processes in
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underground applications. For the preliminary
design of complex energy foundations, the
detailed sizing of standard geothermal systems
and the engineering layout of underground
electrical cables in wind energy infrastructure,
thermal conductivity can be reasonably
estimated using empirical diagrams that
correlate with water content, saturation density
and soil texture. This approach provides a
practical and sufficiently accurate basis for
early-stage thermal analysis in geotechnical and
energy systems applications (Brandl, 2006).
In the laboratory, the experimental procedure
was carefully designed to avoid any disturbance
of the internal structure of the loess soil samples
or alterations to the local thermal environment.
Ensuring minimal disturbance is essential to
preserve the native properties of the soil, which
directly affect the accuracy of the thermal
conductivity measurements. To achieve this, no
pushing or mechanical insertion forces were
applied to the thermal needle during installation
(ASTM D5334-14 STM, 2014) (Figure 1).

the Heater in probe with temp

| monitor
Temperature meter
— or data loger

Controlled Power Supply for

somm

Hypodemic tubing
(100mm long and @1.4

100mm

to 1.5mm)

Filled with thermal
epoxy

Loaped Manganin (26 gauge)
wire Heater element or Y -

Nichrome (30 gauge wire)
heater wire

RTD (thermocouple] to
— detectprobe
temperature

4
4
LABORATORY PROBE

Figure 1. Thermal needle apparatus (IEEE Std 442™,
2017)

Instead, a precise pre-drilling method was used
to create an access path within the sample, see
Figure 2, allowing the thermal needle to be
placed in direct contact with the soil along its
entire length without causing deformation or
compaction. This technique ensures uniform
thermal contact between the probe and the
surrounding material, which is essential to
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replicate in-situ conditions and avoid artificial
thermal gradients. Pre-drilling also helped to
eliminate potential sources of mechanical heat
that could interfere with the temperature
readings during the test.

Figure 2. Pre-drilled soil sample

To further minimise errors, special attention was
given to thermal stabilisation prior to
measurement. The sample and instrumentation
were allowed sufficient time to reach thermal
equilibrium with the laboratory environment.
This stabilisation period ranged from a few
minutes to over an hour, depending on initial
temperature differences and environmental
factors such as air flow or sample moisture
content levels. The thermal conductivity
measurement cycles were not initiated until a
stable temperature had been reached and
maintained.

The entire test protocol strictly followed the
methodology outlined in IEEE Std 442™,
(2017) — “IEEE Guide for Thermal Resistivity
Measurements of Soils and Backfill Materials”.
This standard prescribes installation procedures,
measurement timing, calibration requirements
and data interpretation techniques necessary to
ensure reliable and repeatable results in
assessing soil thermal resistivity. Adherence to
this guide will ensure consistency in the
evaluation of loess soil behaviour under thermal
stress conditions typically encountered in
energy infrastructure projects.

Methods for laboratory measurements

The thermal needle probe is primarily used to
determine the effects of variations in density and
moisture content on the thermal resistivity of the
soil. This method is widely recognised in
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geotechnical and electrical engineering for its
accuracy and adaptability to various soil types.
It operates by applying a controlled and
localised heat pulse and measuring the resulting
temperature change over time, allowing the
determination of soil thermal properties through
analytical modelling.

The probe can be used to both undisturbed and
reconstituted soil samples compacted using the
Modified Proctor test. Undisturbed samples
preserve the natural structure and stratification
of the soil, while reconstituted soil samples
allow controlled variations in compaction and
moisture for comparative studies. The ASTM
D1557-12 (2021) standard was used to
determine the maximum dry density and
optimum moisture content required for soil
compaction. This standard is particularly
relevant for the evaluation of soils used in civil
engineering applications, such as backfill
around buried utilities.

For this study, test samples were compacted to
85% and 90% of the Modified Proctor
maximum dry density. These values represent
realistic field conditions encountered after
backfilling and compaction of soil in cable
trenches. Compaction was carried out in five
uniform layers using mechanical energy
equivalent to 2700 kNm/m?  ensuring
homogeneous sample preparation and consistent
test conditions. The layered approach helps to
minimise void heterogeneity and improve the
reproducibility of thermal measurements.

After compaction, the soil samples were allowed
to equilibrate with the laboratory temperature
for a period to eliminate transient thermal
effects. This step is essential to ensure that the
initial thermal state of the sample does not bias
the results, particularly given the sensitivity of
thermal resistance to moisture migration and
temperature gradients.

In practical field applications, particularly in
wind energy infrastructure, foundation soils are
compacted after cable installation to achieve
densities ranging between 85% and 90% of the
Modified Proctor maximum along the entire
underground cable route. Ensuring consistent
soil compaction is not only vital for mechanical
stability but also has a significant impact on the
thermal performance of the buried cables.
Poorly compacted soil can retain air voids which
act as thermal insulators, reducing the ability of
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soil to dissipate heat effectively and creating a
risk of conductor overheating. Therefore,
replicating these field conditions in the
laboratory provides an accurate representation
of operational scenarios and helps in the design
of optimised cable burial systems.

Analysis of thermal conductivity test results
The analytical model for calculating thermal
resistance has been developed based on the
assumption of an infinite linear heat source
dissipating heat in an infinite homogeneous
medium. Under these idealised conditions, the
thermal resistivity (p) (IEEE Std 442™, 2017)
can be calculated using the following equation:

_ 4n(T,—Ty)

- q ln(i—i)
where:

r is thermal resistivity (K-m/W);

T1 - temperature measured at some arbitrary
elapsed time (K);

T2 - temperature measured at another arbitrary
elapsed time (K);

q - dissipated per unit length (W/m);

ti - elapsed time at which temperature T1 is
recorded (min);

t2 - elapsed time at which temperature T2 is
recorded (min).

(M

Initial thermal transients occur due to the finite
diameter of the thermal probe and are not
representative of the ideal line source model.
Similarly, boundary effects can occur due to the
finite size of the soil sample container, leading

to distortions in the measured thermal profile at
later times. To ensure accurate calculations, the
measured data must be carefully filtered to
exclude these non-linear periods.

A standard approach is to plot the recorded
temperature against the logarithm of time. The
linear portion of this semi-log plot is identified
as the valid interval for analysis. Data points
within this region reflect stable thermal
diffusion unaffected by the probe transients or
edge boundary conditions.

Deviations at the beginning or end of the curve
indicate either insufficient thermal stabilisation
or the onset of confounding factors such as heat
reflection from sample boundaries or moisture
redistribution.

To simplify the calculation process and increase
reliability an alternative form of the equation is
often used. If the temperature change (AT) is
measured over a complete logarithmic cycle, the
resistivity can be approximated as (IEEE Std
442™, 2017):

_ 4m
~ 2303q

p 2

This formulation allows a simpler interpretation
of the linear segment and is endorsed by the
IEEE Std 442™ (2017) for thermal resistivity
assessments. The use of these analytical
techniques provides a robust framework for
comparing thermal behaviour under varying
moisture and compaction conditions. Three
determinations were made for each sample
(Figure 3).

3810 =121.01[Kem)

@

38

36 36

341 34
321 32
301 30

28 1 28

26

o =120.08[-Kem]

= °Kem
| p=121.4205m)

36

34

32

30

28

26

10° 10! 102 10° 10°

10!

102 10% 10° 10t 10% 10®

Figure 3. Thermal Resistivity Curves
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Analysis of the geotechnical parameters of
the soil

In order to characterise the investigated soil, a
comprehensive programme of geotechnical
laboratory tests was conducted to determine the
physico-mechanical properties of the material.
These tests were designed to provide essential
data to evaluate the behaviour of the soil under
different conditions, particularly for
applications involving thermal performance,
degree of compaction and load-bearing
capacity. An understanding of these parameters
is essential for the integration of thermal
conductivity knowledge into practical design.
Granulometric (particle-size) analysis indicated
that the soil samples tested fell within the
classification range of silty clay to clayey silt, as
shown in Figure 4.

CH
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(1,0+10%)
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Figure 4. Ternary diagram of the soils

This classification suggests a fine-grained soil
composition, which is typically associated with
moderate permeability and relatively high-water
retention capacity. Such properties have a direct
influence on the thermal conductivity of the soil,
as finer particles and higher moisture content
levels can either promote or inhibit heat flow
depending on their spatial arrangement and
degree of saturation ration.

The Atterberg limits were determined to
evaluate the soil’s plasticity characteristics. The
measured liquid and plastic limits indicate a
medium plasticity index, indicating that the soil
has a moderate deformation potential under
variable moisture conditions (Figure 5). This
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plasticity range is important in determining how
the soil content to seasonal changes in moisture,
affecting both its thermal and mechanical
stability. Soils with medium to high plasticity
tend to be workable in the field, but their sensi-
tivity to moisture variations requires careful
consideration in the design of earthworks.

60

wy (%)

70 100 110

Figure 5. Soil plasticity

To further assess the quality and potential
performance of the soil, the organic matter
content was also determined. Laboratory results
indicate that the organic content is between 2%
and 3%. Although this level is not excessively
high, it may still influence the soil’s compaction
behaviour, strength, and long-term stability.
Organic materials tend to reduce dry density and
increase water retention, which can alter thermal
conductivity and pose risks in load-bearing
applications, especially when the soil is used as
backfill material.

To determine the optimum compaction
parameters, Modified Proctor tests were
performed on all tested samples in accordance
with ASTM DI1557. The test results helped
identify the optimum moisture content and the
corresponding maximum dry density necessary
for achieving maximum density under in-situ
conditions. The Modified Proctor curve (Figure
6) shows a clear peak, indicating the optimum
moisture content at which soil particles are in the
denseness state, minimising air voids and
maximising thermal conduction potential.

In addition, California Bearing Ratio (CBR)
tests were carried out in accordance with ASTM
D1883 (2021) to assess the strength and bearing
capacity of the soil. The CBR test results (Figure
7) provide critical information for assessing the
mechanical performance of the soil, particularly
the suitability of the subgrade material.
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Modified Proctor Curves
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Figure 6. Modified Proctor Curves
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Figure 7. CBR Curves

Table 1 shows the compiled optimum
compaction parameters, including the optimum
water content (Wopt), the maximum dry density
(Ydmax) and CBR values for each of the
conditions tested.

Table 1. Optimal compaction parameters

w CBR
opt Yd,max 1 | )

[%0] [g/em*] [%]

13.9 1.85 66.53 65.59
13.0 1.88 57.24 60.96
12.6 1.88 52.94 59.41
12.0 1.94 41.48 49.5
13.4 1.92 36.62 43.62

RESULTS AND DISCUSSIONS

The testing programme involved preparing
samples at different Modified Proctor
compaction levels, specifically 85% and 90%, to
replicate field conditions typically encountered
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during the backfilling process (Olinic & Olinic,
2016) at underground cable installations. Each
soil sample was meticulously prepared under
controlled laboratory conditions to ensure
repeatability and reliability of results. Compac-
tion was carried out in successive layers to
maintain a uniform density distribution
throughout the soil sample volume.

All samples were pre-drilled along the vertical
axis to accommodate the thermal needle probe,
ensuring optimum thermal contact and
minimising disturbance to the compacted
matrix. This pre-drilling procedure is critical for
accurate thermal conductivity measurements as
it prevents deformation around the probe and
eliminates artificial voids that could distort
temperature readings.

Three independent resistivity tests were carried
out on each sample at different moisture
contents, allowing conductivity trends to be
observed as a function of moisture content. The
range of moisture contents tested ranged from
near optimum compaction values to air-dried
conditions. This enabled a detailed drying curve
to be constructed, characterising how thermal
resistivity evolves with progressive moisture
loss.

Three independent resistivity tests were carried
out on each sample at different moisture
contents, allowing conductivity trends to be
observed as a function of moisture content. The
range of moisture contents tested ranged from
near optimum compaction values to air-dried
conditions. This enabled a detailed drying curve
to be constructed, characterising how thermal
resistivity evolves with progressive moisture
loss

Figure 8 shows the variation in thermal
conductivity over the range of moisture contents
for both 85% and 90% compacted samples.

A comparative analysis of the curves highlights
the significant effect of the degree of
compaction level on thermal performance.

This observed behaviour confirms the critical
role of both moisture content and dry density in
optimising heat dissipation around underground
conductors. The results reinforce the importance
of proper site preparation and moisture control
to ensure efficient thermal management in wind
energy infrastructure.
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Figure 8. Thermal conductivity of tested soil

CONCLUSIONS

The experimental results clearly demonstrate
that moisture content is a primary factor
controlling the thermal conductivity of loess
soils. The relationship between water content
and heat transfer efficiency is non-linear and
subject to threshold behaviour, influenced by
soil microstructure and particle interactions

(Nikiforova et al., 2013).

Three main regimes were identified:

- Dry state (low moisture content): In the
absence of sufficient moisture, loess has very
low thermal conductivity. This is mainly due
to the dominance of air-filled pores which act
as thermal insulators and significantly reduce
the rate of heat transfer through the soil
matrix.

- Moderate saturation (10-20%): As water
content increases, capillary bridges begin to
form between particles, allowing more
efficient heat transfer. This is the optimum
range for thermal conductivity where the
combined effects of the higher thermal
conductivity of water and increased
interparticle contact significantly reduce the
resistivity.

- High saturation (>40%): Surprisingly,
thermal conductivity does not continue to
increase indefinitely with moisture content.
At high saturation levels, water tends to
occupy voids in a discrete manner, forming
capillary barriers. These restrict heat flow
and can reduce conductivity by disrupting of
continuous solid-liquid pathways.

The generation of drying curves proved to be an

essential tool for understanding how progressive

moisture loss affects thermal performance.

These curves provide a dynamic perspective on

how loess soils behave under real environmental

conditions, particularly after compaction which
is typical of wind farm installations.

In particular, below 8% moisture content, the

thermal conductivity of remoulded loess

samples prepared using the modified Proctor
test showed inconsistent or subdued responses.

Only when a stable temperature was achieved

and maintained, the thermal conductivity

measurement cycles were initiated. This
variation is likely to be related to irregularities
in void ratio and uneven moisture distribution
within the soil matrix at very low water contents.

Additionally, the degree of compaction level

plays an important role in determining thermal
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conductivity. At densities above 85-90% of the
maximum dry density (according to Modified
Proctor), the reduction in pore air volume
significantly improves heat transfer through the
soil. The denser particle arrangement creates
more efficient conductive pathways, which is
critical in preventing overheating of buried
electrical systems (Mostafa et al., 2018).

In conclusion, the synergy between moisture
content and dry density must be carefully
considered in the thermal design of underground
electrical installations. Loess soils, although
generally suitable due to their fine structure and
moisture retention properties, require site-
specific assessment and control of compaction
and drainage conditions to ensure reliable
performance.

To improve thermal properties (Martinez et al.
2019), a mixture was proposed that exchanged
heat more effectively than soil particle contact
points, and a linear relationship was obtained
between CaCOs content and thermal
conductivity. The thermal conductivity
increased by 50% when the CaCOs content
exceeded 8%.

Further research is recommended to investigate
long-term thermal behaviour under cyclic
moisture conditions and to quantify the
influence of soil anisotropy and mineralogical
variability on thermal conductivity.
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Abstract

The Danube Basin collects water from nineteen countries and is exposed to significant amounts of pollutants. Heavy
metals such as lead (Pb), cadmium (Cd), mercury (Hg), arsenic (4s), chromium (Cr), nickel (Ni), zinc (Zn), copper (Cu),
aluminum (Al) are considered critical contaminants of aquatic ecosystems, given their high predilection to enter and
accumulate in food chains. The primary sources of heavy metal pollution consist of discharges from agricultural waste,
industrial and urban wastewater into the aquatic environment, as well as mining activities. Given their persistence in the
environment, it is required to conduct studies on heavy metal concentrations to understand their implications for aquatic
life and to assess biomagnification through food chains. For this purpose, various pollution indices are utilised to
evaluate the chemical speciation of metals within the environmental system. Shortly, it is essential to prioritize the
development of technologies that can facilitate the recovery of harmful heavy metals, while mitigating potential risks to
the environment.

Key words: bioaccumulation, Danube River, heavy metals.

INTRODUCTION Eastern and South-Eastern Europe, such as Inn,

Morava, Drava, Sava, Tisa, Iskar, Olt, Siret, Prut
The Danube River is one of the most essentialin ~ and Velika Morava, which play an important
Europe, covering around 2.860 kilometres and  role in supplying the river with water, but also

crossing ten countries: Germany, Austria,  with pollutants, significantly influencing water
Slovakia, Hungary, Croatia, Serbia, Romania, quality and  disrupting the ecological
Bulgaria, Moldova, and Ukraine. It is an  equilibrium (Culicov et al., 2022). Sources of
important river for the economy, transportation,  pollution with these metals can be natural or
drinking water, agriculture, and biodiversity  anthropogenic. The natural sources can include
(Popa et al., 2018). volcanic eruptions, weathering, wildfires, while

The Danube Delta Biosphere Reserve  anthropological sources can be mining,
(UNESCO protected area) forms at the mouth of  chemical and metallurgical industries, industrial
the Danube into the Black Sea, making it one of ~ waste discharges, agriculture (using pesticides
the world's largest deltas and the second largest ~ and fertilizers), and through transportation or
in Europe. It is also one of Europe's largest  construction activities (Benhadji et al., 2025).

wetlands and a refuge for numerous bird, fish, ~ Human activity in river basins and deltas causes
and plant species. This area is ecologically,  pollutants to be released into the air, soil and
economically and geographically important,  water. The principal pollutants found in aquatic

having a significant impact on the environment systems include volatile organic compounds,
and economy of the riparian regions since it is pharmaceutical compounds, plant nutrients,
an important place for fishing and tourism  suspended solids, microbial pathogens, and

(Mindrescu et al., 2022). parasites (Paul, 2017). Among these pollutants
The Danube has numerous important tributaries  are also heavy metals (HMs), which are
coming from different regions of Central,  chemical elements with a high density that can
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pose serious risks to both human health and the
ecosystem, such as lead (Pb), cadmium (Cd),
mercury (Hg), arsenic (As), chromium (Cr),
nickel (Ni), zinc (Zn), copper (Cu), aluminium
(Al) (Zaynab et al., 2022). Because of their
widespread distribution, toxicity, persistence in
the  environment and  capacity  for
bioaccumulation, heavy metals represent a
critical contaminant of aquatic ecosystems (Jari¢
etal., 2011). In the past years, monitoring heavy
metals in the aquatic environment has become a
priority for authorities. The presence of heavy
metals can be examined by inductively coupled
plasma optical emission spectroscopy (ICP-
OES) (Mikala Okouyi et al., 2024), inductively
coupled plasma mass spectrometry (ICP-MS)
(Calmuc et al., 2021), atomic absorption
spectrometry (Lazarevi¢ et al. 2022), atomic
fluorescence spectrometry (AFS), X-ray absorp-
tion spectroscopy (XAS) and X-ray fluores-
cence spectrometry (XRF) (He et al., 2024).
This study assesses the heavy metal
concentration of the surface water, sediment,
and biota of the Danube River, as well as the
environmental impact.

MATERIALS AND METHODS

Sources of heavy metals

Aluminum (Al) is one of the most abundant
metallic elements in the Earth’s crust and occurs
naturally only in the +3-oxidation state (Al**),
typically in combination with elements such as
oxygen, silicon, and fluorine. AP is a key
component of various minerals, including mica,
feldspars, and clays. Aluminum enters the
environment through natural processes such as
rock weathering and volcanic activity, as well as
anthropogenic activities, including aluminum
production, coal combustion, mining, waste
incineration, motor  vehicle  emissions,
fireworks, packaging, toothpaste, vaccines,
antiperspirants, and certain pharmaceuticals
such as buffered aspirin and antacids (Alasfar &
Isaifan, n.d.; Briffa et al., 2020; Closset et al.,
2022).

Arsenic (As) is a crystalline metalloid that
occurs naturally in the environment. It originates
from both natural processes - such as wildfires,
pedogenesis, dust storms, volcanic and
geothermal activity - and anthropogenic sources
including electroplating, smelting, fossil fuel
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combustion, production of glass,
pharmaceuticals, insecticides,  pesticides,
fertilizers, electronics, mining, and wood

preservation (Briffa et al., 2020; Byeon et al.,
2021; Liu et al., 2022; Zhang et al., 2022; Wang
et al., 2023; Sevak & Pushkar, 2024). In aquatic
systems, the dominant and most toxic inorganic
forms are arsenate (As°") and arsenite (As")
(Jeong et al., 2023).

Cadmium (Cd) is a highly toxic heavy metal
found abundant in Earth’s crust, usually in
combination with ores of copper, zinc and lead.
Natural cadmium emissions arise from rock
weathering, volcanic eruptions, dust transport,
marine aerosols, forest fires, and soil erosion
(Khan et al., 2022; Jeong et al., 2023; Oladimeji
et al.,, 2024). Anthropogenic sources include
electroplating, metal coatings, mining, plastics
stabilization, cement manufacturing, paint
pigments, battery production, fossil fuel
combustion, pesticide and fertilizer use, as well
as incineration of municipal and sewage sludge
(Briffa et al., 2020; Khan et al., 2022; Jeong et
al., 2023; Oladimeji et al., 2024).

Chromium (Cr) particularly in the Cr™> and
Cr'® oxidation states, is one of the most toxic
heavy metals naturally present in water and soil
due to geological processes like weathering.
Anthropogenic contributions include metal
processing, chromate production, leather
tanning, stainless steel welding, electroplating,
cement and pigment manufacturing, textile
dyeing, mining, coal and oil combustion,
fertilizer application, thermal power generation,
and the paper industry (Briffa et al., 2020; He et
al., 2020; Tumolo et al., 2020; Ayele & Godeto,
2021; Kolarova & Napiorkowski, 2021; Prasad
etal., 2021; Jeong et al., 2023).

Copper (Co) is naturally present in the form of
sulphide and oxide ores, salt minerals, and
native copper deposits. It is released into the
environment via volcanic activity, geological
deposits, and the weathering and erosion of
rocks and soils (Rehman et al., 2019). Copper
contamination of water can occur through
corrosion of pipes and plumbing fixtures
(Alkhanjaf et al., 2024). Human-induced
sources include mining, smelting, metal and
electronics  manufacturing, discharge of
industrial wastewater, wood preservatives,
antifouling paints, fossil fuel combustion, urban
runoff, fertilizers, fungicides, and pesticides



Scientific Papers. Series E. Land Reclamation, Earth Observation & Surveying, Environmental Engineering. Vol. XIV, 2025
Print ISSN 2285-6064, CD-ROM ISSN 2285-6072, Online ISSN 2393-5138, ISSN-L 2285-6064

(Rehman et al., 2019; Briffa et al., 2020;
Izydorczyk et al., 2021; Jeong et al., 2023).
Lead (Pb) is a trace metal found naturally in
reduced quantities in the environment, with
unknown role in cells, but extremely toxic even
at low concentrations, which can be
bioaccumulated by aquatic organisms (Valova
et al., 2010). It can be found in galena and can
be generated by volcanic activities, weathering
and erosion (Briffa et al., 2020; Jeong et al.,
2023), but it is predominantly produced due to
anthropogenic sources such as metal processing,
battery production industry, lead-based paints,
lead in gasoline, mining, smelting, automobiles
production, metal plating, agricultural
fertilizers, insecticides, pesticides, waste
disposal (batteries and electronics), unsuitable
industrial waste, ammunitions and projectiles,
lead crystal glass, pipes, glass screens, cable
covers (Briffa et al., 2020; Jeong et al., 2023;
Raj & Das, 2023; Oladimeji et al., 2024).
Mercury (Hg) is a non-essential, persistent, and
highly toxic metal that bioaccumulates and
biomagnifies in aquatic ecosystems. Naturally,
mercury is emitted from the Earth’s crust,
wildfires, erosion of mercury-containing rocks,
volcanic  activity, geothermal processes,
weathering, and evaporation from surface water
(Budnik & Casteleyn, 2019; de Almeida
Rodrigues et al., 2019; Jeong et al., 2023; 2024)
Anthropogenic sources include chlor-alkali and
thermal power plants, manufacturing of
batteries, thermometers, and fluorescent lamps,
ore smelting, agriculture, fossil fuel combustion,
sewage, industrial wastewater, and cultural
practices such as fish-based diets (Budnik &
Casteleyn, 2019; de Almeida Rodrigues et al.,
2019; Briffa et al., 2020; Kolarova &
Napiorkowski, 2021; Jeong et al., 2023; 2024).
Mercury exists in elemental (Hg®), inorganic
(Hg*, Hg*), and organic forms (e.g.,
methylmercury — MeHg") (Kumar et al., 2024;
Tsui et al., 2025).

Nickel (Ni) is a potentially toxic element
commonly present in soil and aquatic systems.
Natural inputs include rock weathering,
wildfires, and volcanic activity (Gauthier et al.,
2021), while anthropogenic sources include
alloy manufacturing, pigment production,
tannery wastewater, fossil fuel combustion,
stainless ~ steel = manufacturing,  battery
production, electroplating, automobile and
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refinery emissions (Briffa et al., 2020; Wang et
al., 2020; El-Naggar et al., 2021).

Zinc (Zn) is an abundant trace element in the
Earth’s crust, primarily found in sulphide
minerals like sphalerite (Zn, Fe) S.
Anthropogenic sources of zinc include metal
processing, mining, municipal wastewater
discharges, galvanization, smelting,
electroplating, cosmetics, sunblock, deodorants,
and vitamin supplements (Seto et al., 2013;
Briffa et al., 2020; Jeong et al., 2023).

These  pollutants mainly come from
metallurgical, chemical, mining industries and
urban wastewater, having a major impact on
water quality and aquatic ecosystems (Simionov
et al., 202la). Identifying the sources of
contamination is essential for developing
effective monitoring, control and remediation
strategies.

In Austria, the city of Linz serves as a major
industrial centre where metallurgical and
chemical processes are potential sources of
contamination (Winkler et al., 2018). This is
further compounded by the Inn River, which
traverses Switzerland, Austria, and Germany,
and receives industrial runoff from regions such
as Bavaria, where lead (Pb), zinc (Zn), and
copper (Cu) have been detected in elevated
concentrations (Saeed et al., 2023). In Slovakia,
the industrial area near the capital Bratislava
includes oil refineries and chemical facilities
that may release hazardous substances into
nearby watercourses (Culicov et al., 2022), with
additional input from the Morava River, which
transports agro-industrial pollutants and legacy
contaminants from former industrial facilities in
Slovakia (Veskovi¢ et al., 2024). In Hungary,
the accumulation of industrial residues from
bauxite processing, particularly in the form of
"red mud", poses a major environmental threat,
owing to elevated concentrations of aluminium
(Al), iron (Fe), and cadmium (Cd), with
implications for both ecosystem integrity and
public health (Winkler et al., 2018). The capital
Budapest hosts active industrial and port areas,
contributing to the metal load of the Danube,
mainly through metallurgical and chemical
activities (Culicov et al., 2022). The Drava
River, which flows through Hungary as well as
Italy, Austria, Slovenia, and Croatia, adds
further contamination originating from mining,
agriculture, and industry (Sor3a et al., 2022). In
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Serbia, heavy industrial activity along the
Danube in Belgrade is a key source of
contaminants, with metal processing facilities
discharging trace elements such as lead and zinc
directly into the river (Suboti¢ et al., 2013). The
Sava River, Serbia’s most significant tributary,
passes through major industrial cities like
Zagreb and Belgrade, transporting both metallic
and organic pollutants (Vukovi¢ et al., 2012;
Jovanovi¢ et al., 2017). Further inland, the
Velika Morava River carries industrial effluents
from central Serbia’s densely populated areas
(Culicov et al., 2022). In Romania, the city of
Galati, with one of the country’s largest steel
producers, is a major source of industrial
emissions (Ionitd et al., 2014; Iticescu et al.,
2014; Georgescu et al., 2023). Although
industrial activity in Turnu Magurele has
diminished, the persistence of contaminants
from former chemical plants continues to raise
ecological concerns. Similarly, Drobeta-Turnu
Severin presents industrial activities, such as
shipyard operations, that may continue to
influence water quality (Georgescu et al., 2023).
The Tisza, flowing through five countries
including Romania, has been affected by
pollution by mining-related accidents in
Maramures that released cyanide and metal
contaminants downstream (Kraft et al., 2006).
The Olt River has been affected by longstanding
pollution from the chemical and mining sectors
around Ramnicu Valcea (Iordache et al., 2022),
while the Siret and Prut Rivers are influenced by
both agriculture and urban development across
Ukraine, Moldova, and Romania (Calmuc et al.,
2021; Burdenyuk et al., 2023; Georgescu et al.,
2023). In Bulgaria, the industrial cities of Ruse
and Vidin host chemical and metallurgical
facilities whose discharges further burden the
Danube’s ecological balance (Culicov et al.,
2022). Similarly, the Iskar River carries
pollutants from industrial areas in Sofia and
northern Bulgaria into the Danube (Angelova et
al., 2020).

These tributaries highlight the complexity and
scale of the challenges related to heavy metal
pollution in the Danube basin.

Analytical Techniques for Heavy Metals
Determination

Several analytical techniques are available for
detecting and quantifying heavy metals in
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environmental samples, each with specific
advantages and limitations depending on the
matrix and target elements. ICP-OES and AAS
are commonly used for water, sediment, and
biota analysis, both providing detection limits

around 0.1-10  ppb. ICP-OES enables
simultaneous multi-element analysis, high
throughput, and reduced matrix effects

compared to AAS, though spectral interferences
may occur in complex samples (Mikala Okouyi
et al., 2024). AAS is a well-established method
offering high precision for single-element
determinations, though it is limited to sequential
analysis and requires complete digestion of solid
matrices (Lazarevi¢ et al., 2022). ICP-MS offers
exceptional  sensitivity  (0.001-0.1  ppb),
supporting ultra-trace analysis, wide dynamic
range, and applications in isotopic and
speciation studies, though it may be affected by
polyatomic and isobaric interferences (Burada et
al.,, 2015; Calmuc et al.,, 2021). AFS, with
detection limits between 0.01 and 1 ppb, is
highly sensitive for select elements such as Hg,
As, and Se, offering good selectivity and low
background noise, although its applicability is
limited to a narrow range of elements and can be
influenced by molecular and  matrix
interferences (Abdelmonem et al., 2025). For
elemental speciation and oxidation state
determination, XAS provides detailed structural
information in solid, liquid, and biological
samples. This non-destructive, element-specific
technique requires advanced facilities and
complex data interpretation (Hu et al., 2020).
Lastly, XRF allows rapid, non-destructive
analysis of solid matrices like sediments and
dried biota, with detection limits of 1-10 ppm.
While effective for screening and minimal
sample preparation, it offers lower sensitivity
for trace-level elements and is less suitable for
light elements or complex organic matrices (Lu
etal., 2023).

RESULTS AND DISCUSSIONS

Status of heavy metal in Danube River water,
sediments and biota

Extensive studies have been carried out by
several researchers on heavy metal pollution of
river Danube (Table 1). A research group (Saeed
et al., 2023) studied the concentrations of
arsenic, chromium, copper, nickel, lead and zinc
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in the water of the river Danube at Dunaf6ldvar,
Baja and Hercegszanto (Hungary) between 2013
and 2019 and reported temporal and spatial
variations in heavy metal distribution.
Concentrations of Zn reached up to 19.39 ng-L~
!, Cuupto4.4ug-L"', and Ni exceeded 3 pg-L"!
in some sites. Other study presents (Popescu et
al., 2022) the levels of As, Cd, Hg, Pb and Zn in
several Romanian sites along the Danube during
2020. It was found that arsenic levels, though
low (0.09-0.14 ng-L"), were present throughout
all sampling stations, while Pb concentrations
ranged from 0.21 to 0.31 pug-L' and Zn levels
were notably high, up to 21.1 pg-L!. Simionov
and his team (Simionov et al., 2021b) also
conducted an important study on the

concentrations of As, Cd, Cu, Ni, Pb and Zn in
surface waters collected from Galati and Tulcea.
The highest recorded values were for Zn (57
pg-L), Cu (6.7 pg-L"), and Ni (8.2 pg-L™h
around Galati, while Pb reached up to 3.1 pg-L"
"and Cd 0.14 pg-L'. These values significantly
exceeded those reported in upstream areas and
reflect strong anthropogenic influence, likely
related to industrial and urban discharge. A
seasonal assessment was performed in Croatia
(Redzovi¢ et al., 2023) at Medsave and Jarun,
where Al, Cd, Cr, Cu, Ni, Pb and Zn were
monitored in water samples. Aluminum levels
reached 3.94 pg-L!, and Cd was found up to
0.030 ug L.

Table 1. Concentrations of heavy metals in water of the Danube River and adjacent areas

Sampling Survey period Heavy metals References
area/Country Al As | cd Cr [Cu [Hg M Pb Zn
(gl | (gL | (gl | (gl | (gl | (gl | (el | (uelh) | (uglh
Dunafldvar, April - - 1.21 - 1.45 4.29 - 2.55 1.22 16.45 Saeed et
Hungary September - 1.27 - 1.3 4.17 - 2.64 1.61 14.78 al., 2023
(2013-2019) - 1.34 - 1.42 44 - 2.64 1.42 17.66
Baja, Hungary - 1.35 - 1.8 3.48 - 3.1 1.14 12.93
Hercegszanto, - 1.37 - 1.11 3.74 - 2.87 1.2 11.98
Hungary - 1.20 - 1.49 4.11 - 2.86 1.45 14.38
- 1.31 - 1.44 4.03 - 2.27 1.14 16.8
Dunafoldvar, October - - 1.30 - 1.07 3.33 - 241 0.93 14.35
Hungary March (2013- - 1.27 - 0.93 3.37 - 2.29 1.37 14.44
2019) - 145 | - 101|371 - 2.71 1.03 16.25
Baja, Hungary - 1.28 - 1.58 3.81 - 245 1.3 12.79
Hercegszanto, - 1.46 - 1.42 3.62 - 2.3 1.12 16.13
Hungary - 1.70 - 1.83 3.79 - 2.6 1.55 15.8
- 1.60 - 1.65 4.17 - 2.8 1.34 19.39
Bazias, Romania July- - 0.09 0.004 - - 0.011 - 0.21 21.1 Popescu et
Divici, Romania September - 0.12 0.009 - - 0.017 | - 0.24 18.5 al., 2022
Coronini, Romania 2020 - 0.12 0.008 - - 0.012 - 0.28 20.1
Liborajdea, Romania - 0.14 0.012 | - - 0.014 | - 0.21 18.5
Svinita, Romania - 0.10 0.014 - - 0.011 - 0.21 17.9
Dubova, Romania - 0.11 0.008 - - 0.009 | - 0.22 19.1
Gura Vaii, Romania - 0.09 0.0011 | - - 0.010 | - 0.22 19.7
Drobeta - Turnu - 011|004 |- - 0.009 | - 022 | 194
Severin, Romania
Tiganasi, Romania - 0.14 0.088 - - 0.015 - 0.31 18.1
Galati, Romania April 2018 - 2.8 0.14 - 6.7 - 8.2 3.1 57 Simionov
Tulcea, Romania - 2.7 0.05 - 4.1 - 4.4 1.4 3 et al.,
Pietrei pond, Romania - 3.9 0.004 - 0.5 - 1.1 0.7 0.5 2021b
Barcaz Lake, - 1.7 0.02 - 2.6 - 2.9 0.8 5
Romania
Soschi Lake, Romania - 24 0.01 - 1.1 - 1 0.5 8
Black Sea Sf. - 1 0.06 - 8 - 7 1 4
Gheorghe, Romania
Black Sea Perisor, - 0.4 0.04 - 1.4 - 11 0.9 2
Romania
Medsave, Croatia Winter 2018 2.11 - 0.013 < 0.696 - 0.80 0.024 2.75 Redzovi¢
0.060 etal., 2023
Spring 2019 1.96 - 0.020 0.396 | 0.648 - 1.13 0.043 1.64
Summer 2019 3.94 - 0.030 0.298 | 1.46 - 1.61 0.043 2.20
Autumn 2019 3.46 - 0.021 0.421 | 0.838 - 1.06 0.050 1.16
Jarun, Croatia Winter 2018 0.38 - 0.013 < 0.606 - 1.12 0.046 1.23
0.060
Spring 2019 1.79 - 0.017 0.327 | 1.17 - 2.03 0.050 1.43
Summer 2019 1.69 - 0.012 0.272 | 0.476 - 1.88 0.049 1.13
Autumn 2019 1.73 - 0.023 0419 | 1.21 - 2.39 0.039 1.20
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This study emphasized seasonal fluctuations, = metal contamination in sediments is a critical
with higher concentrations typically recorded indicator of long-term pollution in riverine
during summer and autumn months. Heavy ecosystems (Table 2).

Table 2. Concentrations of heavy metals in river and lake sediments along the Danube Basin

Sampling Survey Heavy metals References
area/Country period Al As Cd Cr Cu Ni Pb Zn
(gg) | eg) | ueg) | gg) | weg) | eg) | wee) | (uegh)
Galati, Romania April - 11 0.6 23 26 349 11 130 Simionov et
Tulcea, Romania 2018 - 7 0.5 18 19 29.7 10 100 al., 2021b
Pietrei pond, Romania - 10 0.7 26 30 36.7 11 150
Barcaz Lake, Romania - 10 0.7 22 40 39.8 12 140
Soschi Lake, Romania - 13 0.7 18 34 27.6 8 100
Black Sea Sft. - 2 0.05 8 3 8.9 3 30
Gheorghe, Romania
Black Sea Perisor, - 1.4 0.01 5 2 52 2 17
Romania
Tamis, Serbia - 28.10 1.13 81.76 90.50 40.46 35.22 164.92 Kasanin-
Tisa, Serbia - 16.54 2.12 12.69 77.58 60.56 49.22 312.12 Grubin et al.,
Sava, Serbia - 9.84 2.57 69.08 28.71 78.49 27.29 149.84 2023
Danube, Serbia - 15.05 2.75 14.24 98.79 82.17 91.45 353.91
Medsave, Croatia Winter 5310 - Redzovi¢c et
2018 0.045 16.2 5.11 8.69 4.92 14.4 al., 2023
Sprin; 8300 -
BT 0.063 | 145 530 8.14 4.04 18.6
Summer | 8960 -
2019 0.086 13.6 4.24 7.51 4.86 18.0
Autumn | 9270 -
2019 0.088 13.1 4.07 7.51 5.11 18.3
Jarun, Croatia %lfgc' 5090 ) 0.037 | 19.9 458 104 3.77 104
Sprin 8790 -
BT 0051 | 19.6 5.77 1.2 4.90 16.8
Summer | 7720 -
2019 0.078 19 5.42 10.2 5.69 15.5
Autumn | 7660 -
2019 0.070 14.5 4.49 7.50 5.28 15.8
Danube, Serbia - 17.8 Culicov et al.,
- 183 56 97 - 328 2022
Insula Chici Autumn | - - 0.30 - 4.30 16.03 5.90 58.84 Calmuc et al.,
Bac 1 (Braila) 2018 - - 0.59 - 10.72 29.12 8.96 118.54 2021
Bac 2 - - 0.74 - 17.39 27.88 12.57 120.76
Chiscani, Romania - - 0.50 - 12.58 2231 8.49 87.43
Priza Dunarii, - - 0.50 - 1254 | 2053 | 7.93 84.15
Romania
Siret, Romania - - 0.46 - 7.60 14.00 5.17 62.39
Libertatea, Romania - - 0.57 - 11.81 19.99 7.28 84.65
Cotul Pisicii, Romania - - 0.54 - 10.24 22.09 21.14 77.64
Prut, Romania - - 0.54 - 7.89 16.28 4.84 64.48
Grindu, Romania - - 0.76 - 13.42 23.90 7.55 146.23
Luncavita, Romania - - 0.53 - 6.68 24.83 7.83 85.40
Isaccea, Romania - - 0.63 - 9.79 24.76 6.84 96.11
Somova, Romania Autumn | - - 0.75 - 16.64 28.35 8.29 121.38 Calmuc et al.,
Vard Amo, Romania 2018 - - 0.57 - 15.17 38.81 8.11 117.01 2021
Tulcea, Romania - - 0.53 - 9.42 16.94 5.34 69.97
Insula Chici Spring - - 0.59 - 10.31 20.17 6.02 78.69
Bac 1 (Braila) 2019 - - 0.65 - 11.65 19.33 6.05 84.21
Bac 2 - - 0.99 - 25.01 35.80 13.78 177.33
Chiscani, Romania - - 0.63 - 8.97 16.04 6.41 73.57
Priza Dunarii, . . 057 . 1008 | 24.58 | 5.70 95.67
Romania
Siret, Romania - - 0.41 - 7.55 19.09 4.17 71.27
Libertatea, Romania - - 0.46 - 7.47 17.65 5.68 63.21
Cotul Pisicii, Romania - - 0.78 - 19.47 28.49 10.35 131.50
Prut, Romania - - 0.46 - 9.29 17.40 431 66.06
Grindu, Romania - - 0.65 - 17.18 27.41 8.33 121.05
Luncavita, Romania - - 0.72 - 27.50 50.46 14.64 161.24
Isaccea, Romania - - 0.77 - 20.75 32.55 9.87 146.53
Somova, Romania - - 0.82 - 23.29 39.03 9.90 154.34
Vard Amo, Romania - - 0.48 - 9.29 25.85 6.76 81.26
Tulcea, Romania - - 0.52 - 10.07 28.13 8.01 86.43
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A collaborative study (Simionov et al., 2021b)
analysed sediment samples from Galati, Tulcea,
Pietrei Pond, Barcaz Lake, and Soschi Lake in
Romania, detecting As, Cd, Cr, Cu, Ni, Pb and
Zn at varying levels. The maximum values
reached 0.7 ng-g™! for Cd, 40 ug-g! for Cu, and
150 pg-g’! for Zn, while arsenic was found in
concentrations up to 13 ug-g' in Soschi Lake.
Recent findings in Serbia (KaSanin-Grubin et
al., 2023) highlight significant contamination in
sediments from the Danube, Sava, Tisa and
Tami$ rivers. In the Danube, Cd reached 2.75
pg-g!, Cu up to 98.79 ug-g', and Zn 353.91
ug-g'. Lead (Pb) was also present at concerning
levels, up to 91.45 pg-g’!, while Cr measured
1424 pg-g'!, indicating severe industrial
pollution. A Croatian study (Redzovi¢ et al.,
2023) conducted a seasonal assessment at
Medsave and Jarun. Aluminum concentrations
ranged from 5310 to 9270 ug-g™', and cadmium
reached up to 0.088 ug-g'. While heavy metal
values were moderate compared to other
regions, seasonal variation influenced levels of
Cr, Ni, and Zn, with higher concentrations
typically observed in spring and summer.

Calmuc et al.,, 2021 assessed sediment
contamination between Braila and Tulcea,

Romania. At Grindu, Zn reached up to 146.23
pg-g! and Cu 13.42 pg-g’!. At Luncavita and
Somova, Cd exceeded 0.70 pg-g!, and Cu
surpassed 27.50 pg-g'. Elevated levels of Ni,
Pb, and Zn suggest strong anthropogenic input,
especially near industrial zones and confluence
areas. Heavy metals accumulation in fish
provides valuable insight into bioavailability
and potential human health risks (Table 3). The
investigation performed (Simionov et al,
2021b) focused on several species sampled from
Galati, Tulcea, Pietrei Pond, Barcaz Lake,
Soschi Lake, Black Sea Sf. Gheorghe, Black Sea
Perisor (Romania). They determined that liver
tissues generally exhibited higher
concentrations of metals than muscle. Notably,
Cd reached 0.8 pg-g’!' in Cyprinus carpio liver,
while Zn levels peaked at 157 pg-g”!, indicating
significant bioaccumulation. In addition, Jovici¢
et al., 2024 assessed metal content in Rutilus
rutilus and Blicca bjoerkna from Veliko Ratno
Ostrvo and Visnjica (Serbia), identifying the
presence of As, Cr, Cu, Hg, Ni, Pb and Zn. Zinc
concentrations were the highest, up to 27.64
pg-g”!, while Cr and Ni also showed moderate
levels.

Table 3. Concentrations of heavy metals in biota from Danube Basin

Sampling Species Sample | Survey Heavy metals References
area/Country type period As Cd Cr Cu Hg Ni Pb Zn
Qegh) | (uegh | ueeh) | (egh) | e | weeh) | egh) | (pegh)
Galati, Abramis brama muscle | April - 0.02 - 0.4 - - 0.025 4.38 Simionov
Romania liver 2018 - 0.3 - 10 - - 0.043 25.6 et al.,
Leuciscus aspius muscle - 0.02 - 0.2 - - 0.005 5.14 2021b
liver - 0.24 - 2 - - 0.27 12.6
Alosa immaculata | muscle - 0.02 - 0.4 - - 0.01 3.6
liver - 0.11 - 1 - - 0.02 25.9
Tulcea, Silurus glanis muscle - 0.03 - 0.5 - - 0.015 7.6
Romania liver - 0.14 - 3 - - 0.03 20.6
Cyprinus carpio muscle - 0.15 - 2 - - 0.013 20.6
liver - 0.73 - 7 - - 0.03 74.4
Pietrei pond, | Silurus glanis muscle - 0.02 - 5.4 - - 0.005 7.4
Romania liver - 0.17 - 12 - - 0.015 25.6
Cyprinus carpio muscle - 0.12 - 5 - - 0.004 32.9
liver - 0.8 - 8 - - 0.016 157
Carassius gibelio | muscle - 0.08 - 0.4 - - 0.013 13.3
liver - 0.03 - 2 - - 0.16 94.7
Barcaz Lake, | Silurus glanis muscle - 0.2 - 1.4 - - 0.024 4.1
Romania liver - 0.6 - 2.5 - - 0.012 17.2
Cyprinus carpio muscle - 0.06 - 1.4 - - 0.02 37.9
liver - 0.07 - 3 - - 0.03 133
Carassius gibelio | muscle - 0.02 - 3 - - 0.014 16.7
liver - 0.015 - 5.4 - - 0.156 35.9
Soschi Lake, | Silurus glanis muscle - 0.006 - 0.5 - - 0.009 5
Romania liver - 0.06 - 2 - - 0.013 16.1
Cyprinus carpio muscle - 0.001 - 1.4 - - 0.002 7.7
liver - 0.02 - 8 - - 0.013 34
Esox lucius muscle - 0.002 - 0.5 - - 0.003 15
liver - 0.002 - 32 - - 0.015 43
Carassius gibelio | muscle - 0.005 - 2.3 - - 0.016 31
liver - 0.02 - 5.5 - - 0.07 72
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Sampling Species Sample | Survey Heavy metals References
area/Country type period As Cd Cr Cu Hg Ni Pb Zn
Qegh) | (uegh | uegh | Gegh | egh | weeh) | egh) | (uegh
Black  Sea | Trachurus m. | muscle | April 0.4 0.02 - 0.3 - - 0.015 6 Simionov
Sf. ponticus liver 2018 0.9 0.09 - 2 - - 0.034 22 et al.,
Gheorghe, 2021b
Romania
Black  Sea | Alosa immaculata | muscle 0.4 0.02 - 0.4 - - 0.021 4
Perisor, liver 0.7 0.12 - 2 - - 0.03 31
Romania Mugil cephalus muscle 0.3 0.05 - 5 - - 0.021 8
liver 2.3 0.62 - 35 - - 0.06 35
Platichtys flesus muscle 0.5 0.02 - 0.1 - - 0.013 8
liver 0.6 0.17 - 3.2 - - 0.025 30
Veliko Ratno | Rutilus rutilus muscle | April 0.019 - 0.019 | 0.264 | 0.080 | 0.480 [ 0.023 | 9.002 | Jovici¢c et
Ostrvo, Blicca  bjoerkna 2021 0.115 - 0.110 | 0.202 | 0.109 | 0.317 | 0.028 | 12.935 | al., 2024
Serbia (Abramis brama)
Visnjica, Rutilus rutilus muscle 0.072 - 0.020 | 0.566 | 0.081 | 0.158 | 0.029 | 27.641
Serbia Blicca  bjoerkna 0.048 - 0.051 | 0.269 | 0.050 | 0.591 | 0.024 | 12.228
(Abramis brama)
Spacva, Cybister - Spring - 420 39 - - 630 - 40 - Bjedov et
Croatia lateralimarginalis Summer al., 2025
Podravlje, 2023 510 113 - - 250 - 150 -
Croatia
Muzilov¢ica, 530 28 - - 690 - 80 -
Croatia
Strug, 470 42 - - 560 - 210 -
Croatia
Kopacki rit, 390 19 - - 520 - 200 -
Croatia
Stara Drava, 1440 29 - - 360 - 160 -
Croatia
Reka, 570 24 - - 500 - 640 -
Croatia
Zemun, Carassius muscle | October 139 57 - - 994 - 30 - Jovanovic¢
Serbia auratius gibelio 2013 etal., 2017
Barbus barbus 189 52 - - 222 - 48 -
Abramis brama 109 21 - - 110 - 19 -
Cyprinus carpio 258 59 - - 393 - 59 -
Stizostedion 105 23 - - 106 - 32 -
lucioperca
Silurus glanis 160 68 - - 208 - 58 -
Grocka, Carassius 172 51 - - 139 - 40 -
Serbia auratius gibelio
Barbus barbus 239 62 - - 325 - 62 -
Abramis brama 154 27 - - 161 - 28 -
Cyprinus carpio 333 82 - - 466 - 84 -
Stizostedion 153 36 - - 162 - 37 -
lucioperca
Silurus glanis 211 69 - - 260 - 69 -
Effects of heavy metals biomagnification, bioaccumulates extensively
Heavy metals present significant and replaces essential metals in enzymatic

ecotoxicological threats to aquatic ecosystems,
exerting their toxicity through a variety of
mechanisms, including oxidative  stress,
neurotoxicity, enzymatic inhibition, impaired
reproduction, and disruption of metabolic
homeostasis. Lead accumulates in tissues such
as gills, muscles, gonads, and digestive glands,
where it mimics essential metals like copper,
zinc, and iron, disrupting physiological
functions (Jeong et al., 2023). Its affinity for
sulfhydryl groups leads to enzymatic inhibition,
including suppression of heme synthesis and
antioxidant  defense, resulting in lipid
peroxidation, protein degradation, and DNA
damage (Raj & Das, 2023; Oladimeji et al.,
2024). Cadmium, although not subject to
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systems, impairing cell signalling and inducing
oxidative stress, calcium imbalance, and DNA
damage (Khan et al., 2022; Jeong et al., 2023).
Its toxicity is evident even at low
concentrations, causing growth reduction and
neurotoxicity in species such as Daphnia magna
and Ostrea edulis (Abd Elnabi et al., 2023).
Moreover, cadmium persists in sediments and
alters microbial activity and plant growth,
destabilizing ecosystem processes (Kolarova &
Napiorkowski, 2021; Oladimeji et al., 2024).
Mercury, particularly as methylmercury
(MeHg), is one of the most dangerous aquatic
pollutants due to its ability to bioaccumulate and
biomagnifies along food chains (Jeong et al.,
2023). MeHg, formed under anoxic or even oxic
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conditions, is  readily = absorbed by
phytoplankton, initiating trophic transfer and
causing severe neurotoxicity and structural
deformities in fish (Kumar et al., 2024; Tsui et
al., 2025). It also crosses the blood-brain barrier,
accumulating in organs and impairing immune
responses (Briffa et al., 2020). Arsenic,
influenced by pH, redox conditions, and organic
matter, accumulates in sediments via adsorption
to iron and manganese oxides, from where it
may be remobilized (Wang et al., 2023). The
inorganic form, arsenite (As®), is particularly
toxic and bioavailable, accumulating in the liver
and gills and causing oxidative stress, growth
inhibition, and apoptosis (Jeong et al., 2023;
Sevak & Pushkar, 2024). Although bioreduction
is common in food chains, certain arsenic forms,
such as arsenobetaines, may undergo
biomagnification (Zhang et al., 2022).
Chromium, especially as Cr'®, is mutagenic and
carcinogenic, affecting fish, invertebrates, and
aquatic plants through oxidative stress,
reproductive  toxicity, and developmental
inhibition (He et al., 2020; Ayele & Godeto,
2021). Cr*® reduces photosynthesis in aquatic
flora, while Cr™ can cause more severe effects
in fish (Prasad et al., 2021; Jeong et al., 2023;).
Nickel, although essential for some
microorganisms, becomes toxic at high
concentrations, accumulating in gills, liver, and
kidneys, where it induces respiratory
disturbances and ionic imbalance (Gauthier et
al., 2021). Sensitivity varies by species, with
gastropods and vascular plants being more
susceptible than fish or algae (Blewett &
Leonard, 2017; Wang et al., 2020). Zinc, an
essential trace element, becomes toxic in excess,
disturbing calcium metabolism in freshwater
fish, leading to hypocalcemia and mortality
(Jeong et al., 2023). While phytoplankton may
mitigate its toxicity by supporting microbial
metabolism, invertebrates often suffer from
reduced respiration and excretion, leading to
restricted growth (Seto et al., 2013). Aluminum,
particularly soluble at low pH, accumulates in
tissues such as the brain in species like
Oncorhynchus  mykiss, where it causes
neurotoxicity, oxidative stress, inflammation,
and acetylcholinesterase inhibition (Closset et
al., 2022). Its toxicity is form-dependent, with
monomeric inorganic species being most
harmful. Finally, copper, though an essential
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micronutrient, is highly toxic at elevated levels,
even exceeding the toxicity of cadmium or lead
in some cases (Jeong et al., 2023). Cu disrupts
enzymatic  activity,  reproduction,  and
neurological function, and may become
remobilized from sediments under climate-
induced changes, amplifying ecological risks
(Izydorczyk et al., 2021; Cui et al., 2024). Its
impact is compounded by its widespread use in
industry and agriculture and its influence on
drinking water toxicity under varying pH and
hardness conditions (Rehman et al., 2019).

CONCLUSIONS

Heavy metal pollution in the Danube basin is the
result of industrial, urban and agricultural
sources, both along the river and from its major
tributaries. The use of modern analytical
methods and the precise identification of critical
areas is essential to understand the dynamics of
pollution and to implement coherent monitoring
and remediation measures.
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