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Abstract:  Soil antimony (Sb) contamination poses a serious threat to the safe production of leafy vegetables and to 
human health. In this study, two Sb-resistant strains, Acinetobacter johnsonii and Rhodotorula mucilaginosa, were 
evaluated for their remediation potential in Sb-contaminated soil using pot experiments with pak choi (Brassica 
chinensis L.) under aerobic conditions. The results demonstrated that both strains significantly increased pak choi 
biomass, root activity, and photosynthetic pigment content through plant growth-promoting traits such as nitrogen 
fixation and phosphate solubilization. More importantly, they reduced Sb accumulation in pak choi by promoting 
the formation of residual and Fe-Mn oxide-bound Sb fractions while inhibiting the formation of humic acid-bound 
Sb. Notably, R. mucilaginosa outperformed A. johnsonii in both growth promotion and Sb immobilization. The 
superior performance of R. mucilaginosa is attributed to its unique ability to restructure the rhizosphere fungal 
community, enriching beneficial taxa such as Mortierella and Pichia, thereby synergistically enhancing plant 
resilience to Sb stress. This study provides new insights into the differential mechanisms of bacterial versus fungal 
remediation of Sb-contaminated soils under aerobic conditions and offers a theoretical basis for developing targeted 
microbial remediation strategies. The modified membrane exhibits an improved permeability of 54.4% and an 
average pore size of 50 nm. The ceramic membrane shows promising removal efficiency of Texas dye. Reusability 
tests of the manufactured membrane demonstrate stable membrane performance over five continuous filtration 
cycles. The membranes are cleaned by backwashing, and removal tests are conducted for further nine cycles. The 
membrane maintains high removal efficiency of Texas dye, as measured in chemical oxygen demand (COD), as 
well as hardness, during the first five cycles. This research highlights the potential of ceramic membranes for 
efficient, low-pressure dye removal and wastewater treatment, with enhanced durability and reusability.

Introduction
Antimony (Sb) is a toxic metalloid extensively used in the 

manufacturing of industrial products and has become the ninth 
most mined metal globally. However, Sb concentrations in soil 
and water bodies have increased due to natural processes and 
human activities such as ore mining and smelting (Li et al., 
2026). Studies have shown significantly elevated Sb levels in 
the soil of mining areas, smelters, and shooting ranges. For 
instance, Sb concentrations in mining areas and surrounding 
soils often reach hundreds of times higher than background 
levels (He et al., 2025). Even agricultural and forest soils 

are affected by Sb contamination. Sb exhibits biotoxicity 
and carcinogenicity and tends to accumulate in crops. Sb 
contamination in farmland soil can inhibit crop growth and 
development (Tang et al., 2025) and pose risks to human health 
through the food chain, potentially inducing severe diseases 
such as liver disorders, cardiovascular diseases, respiratory 
illnesses, and cancer (Roldán et al., 2025). Therefore, it is of 
great significance to restore Sb-contaminated farmland. 

Traditional remediation techniques for heavy metals, 
including physical and chemical methods, are often costly, 
labor-intensive, and may cause secondary pollution (Senila 

© 2026. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-
ShareAlike 4.0 International Public License (CC BY SA 4.0, https:// creativecommons.org/licenses/by-sa/4.0/legalcode), 
which permits use, distribution, and reproduction in any medium, provided that the article is properly cited.
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et al., 2026). In contrast, bioremediation technologies 
have garnered widespread attention due to their low cost, 
operational simplicity, environmental compatibility, and 
strong sustainability (Ogunsola et al., 2025). Among 
these, microorganism-based remediation strategies have 
demonstrated promising application prospects in heavy metal 
pollution control in recent years. Microorganisms can mediate 
the transformation and immobilization of heavy metals through 
various mechanisms, such as biosorption, bioprecipitation, 
redox reactions, and extracellular complexation, thereby 
reducing their bioavailability and toxicity to plants (Pradhan et 
al., 2025). Furthermore, certain functional microorganisms can 
enhance plant growth under heavy metal stress, promoting the 
sustainable development of agricultural production. 

Acinetobacter johnsonii, belonging to the genus 
Acinetobacter, is a common Gram-negative bacterium widely 
distributed in soil, water, and on plant surfaces. It can secrete 
various extracellular enzymes and organic acids, and possess 
nitrogen-fixing and phosphate-solubilizing capabilities, 
thereby promoting plant growth (Timková et al., 2023). 
Rhodotorula mucilaginosa (abbreviated as R. mucilaginosa), 
a unicellular eukaryote of the genus Rhodotorula, possesses 
remarkable environmental adaptability and is ubiquitously 
present in diverse ecosystems. It features a complex cell wall 
structure rich in functional groups, which contributes to its 
resistance to heavy metal stress (Zhang et al., 2024). Moreover, 
R. mucilaginosa can synthesize antioxidants that assist plants 
in scavenging reactive oxygen species (ROS) induced by heavy 
metals, thereby alleviating oxidative damage. Previous studies 
have shown that these two microorganisms exhibit promising 
remediation potential for heavy metal pollution, such as lead, 
cadmium, and arsenic (Angeles de Paz et al., 2023; Timková et 
al., 2023). However, research on their potential for Sb pollution 
remediation remains limited, necessitating further exploration 
of their practical remediation efficacy and underlying 
mechanisms for the remediation of Sb-contaminated soils.

The toxicity, mobility, and bioavailability of Sb in soil are 
closely related to environmental conditions, which affect the 
phytotoxicity and accumulation in plants. Among all various 
environmental factors, anaerobic and aerobic conditions 
have different effects on the Sb phytotoxicity. However, most 
previous studies have mainly focused on Sb accumulation in 
rice and the use of exogenous microorganisms to remediate Sb 
accumulation in rice, which is typically grown under anaerobic 
conditions (Long et al., 2023). There remains a lack of 
research on the use of exogenous microorganisms to remediate 
Sb accumulation in crops under aerobic conditions. Leafy 
vegetables are considered high risk crops for Sb accumulation. 
Pak choi (Brassica campestris L. ssp. chinensis) is one of the 
most common leafy vegetables,  with a short growth cycle, 
and is typically grown under aerobic conditions. The Sb 
enrichment coefficient of cabbage is 0.01-0.1, which indicates 
the Sb absorption capacity of pak choi. To understand the 
environmental behavior and accumulation mechanism of Sb in 
soil-crops systems under aerobic conditions, pak choi, which 
is widely cultivated in China, is considered an ideal indicator 
vegetable for assessing Sb migration and transformation in 
soil-crops systems under aerobic conditions (Chen et al., 2025).

In our previous study, A. johnsonii and R. mucilaginosa, 
which exhibited high Sb-resistance, were screened from Sb-

containing wastewater, and both strains were able to transform 
Sb(III)  into Sb2O3 (Shi et al., 2025; Yang et al., 2024). They 
were used as functional microorganisms to investigate the 
bioavailability of Sb in soil-pak choi systems under aerobic 
conditions and their potential for remediating Sb-contaminated 
farmland. A comprehensive analysis was conducted to evaluate 
the remediation capabilities of these two microorganisms 
in Sb-contaminated farmland through indoor pak choi pot 
experiments. Different microbial treatment groups were 
established, and the growth indicators and Sb accumulation 
of pak choi were measured. The plant growth-promoting 
mechanisms were evaluated by measuring nutritional and 
growth-promoting indicators. The Sb accumulation mechanism 
was investigated by measuring Sb speciation and contents, as 
well as the microbial community structure, in the rhizosphere 
soil. This study aims to evaluate the remediation effects of A. 
johnsonii and R. mucilaginosa in an antimony-contaminated 
soil-pak choi system and to test the following hypotheses: 
both strains promote pak choi growth through plant growth-
promoting traits such as nitrogen fixation and phosphate 
solubilization, while reducing antimony accumulation in 
pak choi by increasing the proportions of iron-manganese 
bound and residual antimony fractions in the soil. Moreover, 
R. mucilaginosa exhibits superior growth-promoting and 
antimony-immobilizing capabilities due to its ability to reshape 
the rhizosphere fungal community and enrich beneficial fungi 
such as Mortierella and Pichia.

Materials and methods
Experimental materials and strains

The pak choi variety selected was “Yellow Heart Baby 
Cabbage” (Brassica chinensis L.), characterized by its short 
growth cycle and strong cold tolerance. For the pot experiment, 
antimony (Sb) was supplied using potassium antimony tartrate 
(C4H4KO7Sb·1/2H2O) with a purity of ≥99.0%, as the chemical 
source of Sb (Chongqing Chuandong Chemical Group Co., 
Ltd., Chongqing, China).

A. johnsonii was isolated from the bottom sediment 
of Lengshuigou Reservoir (107.86°E, 25.97°N) in Dushan 
County, Guizhou Province, by our research group, while R. 
mucilaginosa was obtained from antimony mine wastewater at 
the outlet of Dongfeng Antimony Mine (107.73°E, 25.75°N) in 
Dushan County, Guizhou Province. Both strains were identified 
as A. johnsonii and R. mucilaginosa based on their 16S rDNA 
sequences. All reagents used in this study were prepared with 
deionized water provided by EREE deionized water equipment 
(Shenzhen Yiliyuan Water Treatment Equipment Co., Ltd., 
Shenzhen, China).The deionized water had a conductivity of 
<0.1 µS/cm, and all chemicals used were of analytical grade 
or higher purity.

Pot experiment of pak choi
Pot experiments were conducted to investigate the effects 

of A. johnsonii and R. mucilaginosa on the growth and Sb 
accumulation of pak choi (Brassica chinensis L.) in soils 
contaminated with different levels of Sb. Plastic pots were used 
for the pot experiment. The soil was collected from farmland near 
Shilihetan in Huaxi District, Guiyang City, Guizhou Province. 
Surface soil (0–20 cm) was collected, naturally air-dried, and 
then crushed. The physicochemical properties of the original 
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soil for pak choi cultivation were determined, and the values 
were as follows: pH, 5.75; organic matter content, 4.76 mg·g−1; 
available nitrogen, 62.23 mg·kg−1; available potassium, 257.7 
mg·kg−1; available phosphorus, 7.13 mg·kg−1; and background 
antimony concentration, 15.92 mg·kg−1. The crushed soil was 
sieved through a 100-mesh sieve to preliminarily remove 
impurities. The preprocessed soil was packed into rectangular 
pots (49 cm × 18 cm × 15 cm) at 7 kg per pot. Sb solutions 
prepared from potassium antimonyl tartrate (C4H4KO7Sb·1/2 
H2O) were added to the soil and thoroughly mixed to achieve 
exogenous Sb concentrations of 10, 50, and 100 mg/kg. Each 
treatment group had three replicates, and the pots were aged in 
a greenhouse for 30 days.

The seeds of pak choi were surface-sterilized with 0.5% 
NaClO solution, followed by three rinses with deionized 
water. The pots planted with pak choi seed were placed in a 
greenhouse with a diurnal temperature cycle of 20–25 °C and 
a relative humidity of 50%. After the pak choi seeds developed 
into seedlings with complete root systems, seedlings of 
uniform size and height were selected and transplanted into 
pots containing Sb-treated soil aged for 30 days. One group 
was inoculated with A. johnsonii (AJ), and another group was 
inoculated with R. mucilaginosa (RM). The group without 
inoculation with either microorganism was used as the control 
to investigate the effects of A. johnsonii and R. mucilaginosa 
on the growth and Sb accumulation of pak choi under Sb 
stress, as well as the microbial communities in rhizosphere 
soil. The pots were watered every two days to maintain 60% 
soil moisture. At the end of the pot experiment (45 days), the 
plants were harvested and thoroughly washed with deionized 
water.

The analysis of the growth indicators of pak choi  
and physicochemical property of rhizosphere soil

After collection, the plant roots were washed with a 20 
mmol·L⁻¹ Na-EDTA solution to remove metal ions adsorbed on 
the root surface, followed by thorough rinsing with deionized 
water and blotting dry with paper towels. Fresh weight, root 
weight, stem diameter, and length were recorded. A portion of 
the collected pak choi samples was dried at 70 °C to a constant 
weight and then separated into roots, stems, and leaves. These 
tissues were ground using an agate mortar, sieved through a 
3 mm mesh, and stored in sealed plastic bags for subsequent 
analysis. The remaining plant samples were used to determine 
chlorophyll and carotenoid content. The extracted pigments 
were diluted to 25 ml with 96% ethanol, and the leaf tissues 
were removed by centrifugation. The absorbance of the 
extracts was measured at wavelengths of 665 nm, 649 nm, 
and 470 nm using a UV spectrophotometer (T6 New Century, 
Beijing), with 96% ethanol used as the blank control. The 
contents of chlorophyll a, chlorophyll b, and carotenoids were 
calculated using Equations (1)–(3).  The sum of chlorophyll a 
and chlorophyll b represented the total chlorophyll content. In 
the equations, Cadenotes chlorophyll a, Cb denotes chlorophyll 
b, and Cc denotes carotenoids:

Ca = 13.95 × A665 – 6.88 × A649  		  (1)
Cb = 24.96 × A649 – 7.32 × A665			   (2)

Cc = 
 
1000 2 05 114 8

245

470
× − × − ×A C C

a b
. .  	 (3)

After harvesting the pak choi, soil samples around the 
root system were collected using the quartering method. The 
collected soil samples were separated from residual roots. 
Approximately 0.5 g of soil was used for microbial community 
analysis. The remaining soil samples were air-dried, ground 
with an agate mortar, sieved through a 100-mesh sieve, and 
stored in sealed plastic bags for further analysis. Rhizosphere 
soil pH was measured using a CO₂-free distilled water 
extraction method and readings were taken with a calibrated 
pH meter after 30 min of settling following stirring. The 
contents of available nitrogen (N), available phosphorus (P), 
available potassium (K), and organic matter in the soil were 
determined using the alkali hydrolysis diffusion method for 
available N, the hydrochloric acid-ammonium fluoride method 
for available P, the NH₄OAc extraction method for available 
K, and the chromate oxidation method for organic matter, 
respectively. More details are provided in Text S1. 

Plant growth-promoting characteristics  
of A. johnsonii and R. mucilaginosa

To determine the plant growth-promoting characteristics 
of A. johnsonii and R. mucilaginosa, their abilities to produce 
ammonia, fix nitrogen, solubilize phosphorus, and produce 
siderophores were assessed. Ammonia production ability: 
Under aseptic conditions, the activated strain was inoculated 
at a 2% (v/v) ratio into 50 mL of peptone water medium (the 
control group received no bacterial suspension). The cultures 
were incubated at 28-30 ℃ with shaking at 150-200 rpm for 24-
72 hours. A certain amount of bacterial culture was transferred 
into a clean test tube, and 1-2 drops of Nessler’s reagent were 
slowly added along the tube wall. The color change in the 
solution was observed. If the interface or the entire solution 
turned brownish-yellow, it indicated that the strain possessed 
ammonia-producing ability. Nitrogen fixation ability test: 
The activated bacterial suspension was spot-inoculated onto 
Ashby’s nitrogen-free medium using an inoculation loop or 
a micropipette and cultured at 28-30 ℃ for 3-7 days. The 
formation of colonies on the medium indicated that the strain 
possessed nitrogen fixation ability. Phosphate solubilization 
ability test: The activated bacterial suspension was spot-
inoculated onto Pikovskaya (PKO) medium and cultured at 
28-30 ℃ for 3-7 days. The formation of a transparent halo 
(phosphorus solubilization zone) around the colonies indicated 
that the strain possessed phosphate-solubilizing ability. 
Siderophore production test: The activated bacterial strain 
was inoculated into a low-iron liquid medium and cultured in 
a shaker at 30 ℃ and 150 rpm for a specified duration. After 
centrifugation, the supernatant was collected, and Chrome 
Azurol S (CAS) assay detection solution was added (the 
control group consisted of sterilized medium without bacterial 
inoculation). The mixture was left to stand for a specified 
period, and the color change was observed. If the solution 
color changed from blue to orange-yellow, it indicated that the 
strain possessed siderophore-producing ability. The specific 
experimental methods and medium formulations are provided 
in Text S2 and Table S1.

Analysis of Sb content in pak choi and soil samples
Approximately 0.5 mg of ground plant sample was placed 

into a PTFE-sealed digestion vessel and digested with 68%–
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70% HNO₃ and 70%–72% HClO₄ (5:1, v/v) at 180°C for 2 
hours. Approximately 0.25 g of ground soil was digested with 
1 mL of 30% hydrogen peroxide, followed by  the addition of 
2 mL of hydrochloric acid and 5 mL of nitric acid. The reaction 
was performed using a microwave digestion system (MARS 6, 
USA). The samples were heated at 200 °C until the digestion 
solution was concentrated to 2 mL. The cooled plant and soil 
digests were then diluted to 50 mL, and 5 mL of the diluted 
solution was filtered through a 0.22 μm mixed cellulose ester 
(MCE) membrane filter. The total Sb concentration in the soil 
and plant sample solutions was determined using an atomic 
fluorescence spectrophotometer (AFS-9800, Shanghai). The 
operational parameters were as follows: 5% HCl was used as 
the carrier solution; the reducing agent was a mixture of 2% 
KBH₄ and 0.5% NaOH; and the carrier gas and shielding gas 
flow rates were 300 mL/min and 800 mL/min, respectively. 

According to the sequential extraction method, the chemical 
speciation of Sb in the pak choi soil was determined. The 
chemical forms of Sb in the rhizosphere soil of pak choi were 
primarily classified into the following categories: exchangeable 
(F1), specifically adsorbed (F2), fulvic acid-complexed (F3), 
humic acid-complexed (F4), poorly crystalline iron-manganese 
oxide-bound (F5), sulfide-bound (F6), and residual (F7) Sb 
(Krishnamurti and Naidu, 2003). For each extraction step, 
10 mL of the extract was centrifuged at 10,000 r/min for 10 
minutes, and the supernatant was filtered through a 0.22 μm 
membrane filter. The Sb content was then measured using an 
atomic fluorescence spectrophotometer (AFS-9800, Shanghai).

Analysis of soil microbial community in root zone of 
pak choi

To investigate the effects of A. johnsonii and R. 
mucilaginosa on soil microbial communities, soil samples 
were collected at the end of the pot experiment. Bacterial and 
fungal DNA was extracted using the OMEGA E.Z.N.A.™ 
Mag-Bind Soil DNA Kit according to the manufacturer’s 
instructions. The concentration and quality of the extracted 
DNA were measured using a Qubit® 4.0 Fluorometer 
(Q33238, Thermo Fisher). For amplification of bacterial 
16S rRNA and fungal ITS genes, the following primers 
were used for PCR amplification. For bacterial  16S rRNA, 
the primers were 341F (CCTACGGGNGGCWGCAG) 
and 805R (GACTACHVGGGTATCTAATCC). For fungal 
ITS, amplification was performed using the primers 
ITS1F (CTTGGTCATTTAGAGGAAGTAA) and ITS2R 
(GCTGCGTTCTTCATCGATGC). Following Sanger 
sequencing, the 16S amplified fragments and full-length 
sequences were aligned using the RDP Classifier against 
reference sequences in the Silva database, while the ITS 
amplified fragments and full-length sequences were aligned 
using Blast against reference sequences in the UNITE database. 
To assess bacterial and fungal diversity and relative abundance, 
the V3-V4 region of the bacterial 16S rRNA gene and the 
ITS1-ITS2 region of the fungal ITS gene were sequenced on 
the Illumina MiSeq platform (Shanghai Majorbio Bio-pharm 
Technology Co., Ltd.).

Statistical analysis
The experimental results are presented as the mean ± 

standard deviation of three replicates. Statistical analyses 

were performed using GraphPad Prism 9.0 and Origin 2021 
software. Data were analyzed using one-way analysis of 
variance (ANOVA). Differences were considered statistically 
significant at *p < 0.05, **p < 0.01, and ***p < 0.001.

Results 
Effects of A. johnsonii and R. mucilaginosa 
inoculation on the growth and physiology of pak 
choi

The growth and physiological response of pak choi under 
antimony (Sb) stress reflect the Sb-induced phytotoxicity. 
To assess the effects of A. johnsonii and R. mucilaginosa on 
pak choi growth, we measured the fresh weight, root weight, 
stem diameter, and plant height under different Sb stresses. 
Compared to the control, both microbial treatments promoted 
the pak choi growth (Fig. 1 A). All inoculations enhanced 
root development, with the R. mucilaginosa-inoculated group 
exhibiting more robust growth (Fig. 1 A). The fresh weight of 
pak choi with A. johnsonii inoculation increased by 6.74%–
168.12% at different Sb concentrations compared to the 
control groups, while R. mucilaginosa inoculation showed a 
greater increase of 12.05%–198.85%, overall outperforming A. 
johnsonii (Fig. 1 B). For root weight, A. johnsonii treatment 
exhibited a relatively moderate increase (2.00%–2.37%), 
whereas the R. mucilaginosa treatment demonstrated a highly 
significant enhancement, reaching 92.31%–374.19% (Fig. 
1 C). A consistent trend was observed in stem diameter, 
increasing by 10.08%–20.53% and 15.63%–30.02% in the A. 
johnsonii and R. mucilaginosa treatment groups, respectively 
(Fig. 1 D). Regarding plant height, the R. mucilaginosa 
treatment remained superior to that of A. johnsonii, achieving 
a maximum increase of 25.16% (Fig. 1 E).

Analysis of key physiological indicators demonstrated that 
both A. johnsonii and R. mucilaginosa inoculation effectively 
improved the physiological status of pak choi under Sb 
stress, while R. mucilaginosa treatment generally exhibited 
more significant enhancement in various indicators (Fig. 2 
A-C). Compared to the control groups, root vitality (Fig. 2 A) 
increased by 27.00%–37.58% in the A. johnsonii treatment 
and by 44.36%–50.47% in the R. mucilaginosa treatment, 
which showed a greater improvement. The change trend in 
photosynthetic pigment content was similar to that of root 
vitality. Chlorophyll contents increased by 12.05%–50.79% 
and 21.50%–68.69% in the A. johnsonii and R. mucilaginosa 
groups, respectively (Fig. 2 B), while carotenoid contents 
increased by 9.38%–35.14% and 21.43%–58.75%, respectively 
(Fig. 2 C). The effect of R. mucilaginosa on photosynthetic 
pigments was superior to that of A. johnsonii. 

These data demonstrate that inoculation with both A. 
johnsonii and R. mucilaginosa can effectively promote growth 
and enhance the physiological performance of pak choi under 
Sb stresses. R. mucilaginosa, however, exhibited relative 
advantages in both growth promotion and physiological 
enhancement.

Growth-promoting characteristics of A. johnsonii 
and R. mucilaginosa

To elucidate the mechanisms by which A. johnsonii and R. 
mucilaginosa promote plant growth, we evaluated several key 
growth-promoting traits of both strains, including ammonia 
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production, nitrogen fixation, phosphate solubilization, and 
siderophore production (Fig. 2 D-G). In the ammonia production 
test, the solutions inoculated with both A. johnsonii  and  R. 
mucilaginosa turned brownish-yellow, confirming their 
ammonia-producing capability (Fig. 2 D). Both strains formed 
distinct colonies on Ashby’s nitrogen-free medium, confirming 
their nitrogen-fixing capabilities (Fig. 2 E). Similarly, 
transparent halos (phosphorus solubilization zones) formed 
around the colonies of both A. johnsonii and R. mucilaginosa 
on the culture medium (Fig. 2 F), which is attributed to their 

decomposition of phosphates, confirming that both strains 
possess phosphate-solubilizing ability. Furthermore, after 
being cultured in a low-iron medium with the addition of CAS 
detection solution, the color of bacterial suspensions with A. 
johnsonii or R. mucilaginosa changed from blue to light yellow 
(Fig. 2 G), indicating that both strains possess the ability to 
produce siderophores.

Effects of A. johnsonii and R. mucilaginosa on the 
physicochemical properties of rhizosphere soil

Fig 1. Growth parameters of pak choi. (A) Representative image; (B) Fresh weight; (C) Root weight; (D) Stem diameter;  
(E) Stem length. (AJ represents vaccination with A. johnsonii; RM represents vaccination with R. Mucilaginosa).  

Error bars represent standard deviations from three independent replicates. Significant differences were calculated as  
*p < 0.05, **p < 0.01, and ***p < 0.001.

Effects of Acinetobacter johnsonii and Rhodotorula mucilaginosa on the migration and transformation of antimony...
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To elucidate the mechanisms underlying plant growth-
promotion, we analyzed key physicochemical properties of the 
rhizosphere soil (Fig. 3). The results showed that inoculations with 
A. johnsonii or R. mucilaginosa exerted distinct effects on soil 
nutrient parameters. Soil pH was stabilized at approximately 6.0 
at all treatment groups. The organic matter content in rhizosphere 
soil increased after A. johnsonii or R. mucilaginosa inoculations 
(Fig. 3 A). The A. johnsonii treatment group exhibited an 
increase of 4.09%–7.00%, while the R. mucilaginosa treatment 
showed an increase of 2.78%–7.62%, indicating that microbial 
inoculation promotes the accumulation of soil organic matter to 
some extent. Similarly, available nitrogen (Fig. 3 B) increased by 
1.75%–11.98% in the A. johnsonii group and by 9.19%–19.96% 
in the R. mucilaginosa group compared to the control. This 
suggests that microbial inoculation can significantly enhance the 
available nitrogen content in rhizosphere soil, particularly with 
R. mucilaginosa. 

In contrast, microbial inoculation significantly reduced the 
levels of available phosphorus and potassium in rhizosphere 
soil (Fig. 3 C-D). Available phosphorus (Fig. 3 C) decreased 
by 9.80%–15.25% and 7.84%–18.64% in the A. johnsonii 
and R. mucilaginosa treatment groups, respectively. A more 
pronounced reduction was observed for available potassium, 
which decreased by 53.61%–66.25% and 15.33%–44.24% in 
the A. johnsonii and R. mucilaginosa groups, respectively (Fig. 
3 D). These results demonstrate that both A. johnsonii and R. 
mucilaginosa enhanced soil organic matter and available 
nitrogen but significantly reduced available phosphorus and 
potassium in the rhizosphere soil of pak choi.

Antimony content in pak choi and rhizosphere soil 
and antimony fractionation in rhizosphere soil

To investigate Sb migration and transformation in soil-
plant system under aerobic conditions, we quantified Sb 

Fig 2. Physiological parameters of pak choi and plant Growth-Promoting Characteristics of A. johnsonii and R. mucilaginosa: 
(A) Root vitality; (B) Chlorophyll content; (C) Carotenoid content; (D) Ammonia production capacity determination; (E) Nitrogen 

fixation capacity determination; (F) Phosphorus solubilisation capacity determination; (G) Determination of iron carrier production 
ability. (AJ represents vaccination with A. johnsonii; RM represents vaccination with R. Mucilaginosa). Error bars indicate standard 

deviations from three replicate experiments. Significance levels denoted as *p < .05, **p < .01, and ***p < .001.
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contents in various pak choi tissues and the rhizosphere 
soil, and analyzed Sb speciation in rhizosphere soil (Fig. 4). 
In the roots, Sb content decreased by 16.65%–46.72% and 
22.88%–40.75% in the A. johnsonii and R. mucilaginosa 
groups, respectively (Fig. 4 A). In the leaves (Fig. 4 B), Sb 
content decreased by 19.69% and 25.65% in the A. johnsonii 
groups with 10 and 50 mg/kg Sb treatments, respectively. 
In contrast, R. mucilaginosa reduced leaf Sb contents in all 
Sb treatment groups, with decreases of 17.06% - 40.75%. 
A similar trend was observed in the stems (Fig. 4 C). Under 
the 50 and 100 mg/kg Sb treatments, the Sb content in the A. 
johnsonii groups decreased by 29.55% and 1.78% compared 
to the corresponding control groups, respectively. Whereas R. 
mucilaginosa reduced stem Sb contents across all Sb treatment 

groups, with reductions of 7.36% - 30.85%. The overall Sb 
enrichment pattern in pak choi tissues was: root >leaf≥stem. 
On the whole, microbial inoculation significantly reduced total 
Sb content in pak choi plants (Fig. 4 D), particularly under the 
50 mg/kg Sb stress, with reduction of 36.07% and 33.26% for 
the A. johnsonii and R. mucilaginosa treatments, respectively. 
These results demonstrate that both A. johnsonii and R. 
mucilaginosa effectively inhibited Sb uptake and accumulation 
in pak choi tissues. The R. mucilaginosa treatment exhibited 
relatively obvious and stable reduction on Sb accumulation in 
tissues at the tested Sb concentrations.

The Sb concentration in the rhizosphere soil of pak choi 
increased with elevated exogenous Sb levels (Fig. 4 E). Sb 
concentrations in the rhizosphere soil with A. johnsonii or 

Fig 3. Illustrates the physicochemical characteristics of the soil with pak choi cultivation. (A) Organic matter content, (B) Available 
nitrogen, (C) Available phosphorus, and (D) Available potassium. (AJ represents vaccination with A. johnsonii; RM represents 

vaccination with R. Mucilaginosa). Error bars indicate standard deviations based on three parallel experiments. Significance levels 
were denoted as *p <0.05, **p < 0.01, and ***p < 0.001. 
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R. mucilaginosa were significantly higher than those in the 
control groups. In particular, Sb contents in the rhizosphere 
soil with A. johnsonii and R. mucilaginosa reached 127.61 
and 203.75 mg/kg in the 100 mg/kg groups, with increases of 
56.93% and 150.56%, respectively, which were much higher 
than the average Sb content in the soil. 

In this study, sequential extraction was used to analyze 
the fractionation of Sb in the rhizosphere soil after pak 
choi harvest. In all treatment groups, the residual fraction 
(F7), weakly crystalline Fe-Mn oxide-bound fraction (F5), 
and humic acid-bound fraction (F4) predominated in the 
Sb speciation distribution (Fig. 4 F). Compared with the 
control groups, A. johnsonii and R. mucilaginosa inoculation 
significantly promoted the formation of Fe-Mn oxide-bound 
Sb and inhibited the formation of humic acid-bound Sb. The F5 
fraction increased by 32.65%–73.73% and 24.74%–110.48% in 
the A. johnsonii and R. mucilaginosa groups, respectively. The 
F4 ( humic acid-bound form) decreased by 31.02%–47.99% 
and 25.83%–53.26% after A. johnsonii and R. mucilaginosa 
inoculation, respectively. Meanwhile, the residual Sb (F7) 
in the A. johnsonii and R. mucilaginosa groups increased by 

3.17%–24.69% and 2.74%–28.52%, respectively, compared to 
the control groups.

The microbial community composition in 
rhizosphere soil of pak choi

The rhizosphere microflora play a crucial role in 
modulating crop growth and heavy metal accumulation. 
Therefore, the microbial community in the rhizosphere was 
detected and analyzed through high-throughput sequencing. 
At the bacterial phylum level, Pseudomonadota and 
Bacteroidota were dominant in all groups, with their total 
relative abundance exceeding 50% (Fig. 5 A). Inoculation with 
A. johnsonii did not alter their combined abundance, whereas 
R. mucilaginosa increased the total relative abundance of the 
two phyla under different Sb stresses. At the bacterial genus 
level (Fig. 5 C), the dominant genera in all groups were 
Sphingomonas and Flavisolibacter. Neither A. johnsonii 
nor R. mucilaginosa inoculation had a significant effect on 
the total relative abundance of the two genera. However, R. 
mucilaginosa inoculation reduced bacterial diversity at the 
genus level.

Fig 4. Accumulation content and chemical forms of Antimony in pak choi tissues and rhizosphere soil. (A) root; (B) leaves;  
(C) stem; (D) total Sb content; (E) rhizosphere soil; (F) chemical forms of Sb in the rhizosphere soil (F1 is the exchangeable form, 
F2 is the specific adsorption form, F3 is the fulvic acid-bound form, F4 is the humic acid-bound form, F5 is the weakly crystalline 

iron and manganese oxide-bound form, F6 is the sulfide-bound form, and F7 is the residual form). All the three groups, CK (control 
group), AJ and RM, were treated with 10, 50, and 100 mg/kg Sb respectively. Error bars indicate the standard deviation of three 

parallel experiments. Significant differences are calculated as *p < 0.05, **p < 0.01, and ***p < 0.001.
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At the fungal phylum level (Fig. 5 B), Mortierellomycota, 
Ascomycota and Basidiomycota were dominant in the control 
and A. johnsonii-inoculated groups, with A. johnsonii inoculation 
showing no significant impact on their total relative abundance. In 
contrast, the fungal community with R. mucilaginosa inoculation 
was dominated by Olpidiomycota or Ascomycota, accounting 
for over 60% of the abundance. At the fungal genus level (Fig. 
5 D), Mortierella, Amphinema and Archaeorhizomyces were the 
main genera in the control and A. johnsonii-inoculated groups, 
and A. johnsonii inoculation had no obvious effect on the total 
relative abundance of dominant fungi. In contrast, Mortierella or 
Pichia were the dominant fungi in the group with R. mucilaginosa 
inoculation, and their relative abundance accounted for over 
60%. Furthermore, R. mucilaginosa inoculation decreased fungal 
community diversity at the genus level. 

The observation demonstrated that A. johnsonii inoculation 
had no significant effects on microbial communities, while R. 
mucilaginosa altered the community structure with its effect 
being especially significant for the fungal community. Notably, 
R. mucilaginosa inoculation reduced the abundance of certain 
potential pathogenic fungi, such as some Clonostachys and 
Plectosphaerella species, thereby further optimizing the 
microbial community structure. This helps mitigate the risk 
of pathogen infection in plants under heavy metal stress and 
enhances their overall resilience. 

Distribution patterns and influence factors  
of rhizosphere microbial community

In order to study the regulatory effects of exogenous 
microorganisms and environmental factors on the rhizosphere 

microbial community, Principal Co-ordinates Analysis (PCoA) 
and Redundancy Analysis (RDA) were performed (Fig. 6). 
PCoA results revealed that inoculation with A. johnsonii 
induced a certain alteration in bacterial community structure, 
while exerting a relatively weaker influence on the fungal 
community. In contrast, R. mucilaginosa inoculation exerted 
a stronger influence on the structures of bacterial and fungal 
communities compared with A. johnsonii (Fig. 6 A-B). The 
influence of R. mucilaginosa on the fungal community was 
more obvious than that on the bacterial community. 

RDA conducted using the ChiPlot online analysis platform 
further indicated a significant correlation between changes in 
rhizosphere nutrients and growth-promoting indicators of pak 
choi under the two strain treatments. RDA1 of bacteria and fungi 
in the groups with A. johnsonii inoculation explained 59.85% 
and 67.83% of the community variation, respectively (Fig. 6 
C-D). The environmental factors of available nitrogen (HN) 
and available potassium (AK) showed significant associations 
with the microbial community variation of bacteria and fungi 
in the groups with A. johnsonii inoculation, respectively. For 
the groups with R. mucilaginosa inoculation, RDA1 accounted 
for 66.46% and 70.47% of the variation (Fig. 6 E-F). pH and 
HN were the main influencing factors for bacterial community 
variation, while available phosphorus (AP) and Sb were the 
main influencing factors for fungal community variation. 

Furthermore, the explained variance of RDA2 was higher 
(27.45%) with R. mucilaginosa inoculation than that in the 
A. johnsonii treatments, indicating a stronger regulatory 
effect of R. mucilaginosa on the microbial community 
and a closer association of environmental factors with the 

Fig 5. Taxonomic composition of bacterial and fungal communities in the rhizosphere soil of pak choi inoculated with A. johnsonii 
and R. mucilaginosa. (A) Bacterial phylum level; (B) Fungal phylum level; (C) Bacterial genus level; (D) Fungal genus level. (All the 

three groups, CK (control group), AJ and RM, were treated with 10, 50, and 100 mg/kg Sb respectively.)
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microbial community in the group with R. mucilaginosa. The 
integrated PCoA and RDA results suggest that R. mucilaginosa 
exerts a more profound influence on microbial communities 
through synergistic interactions with environmental factors, 
demonstrating a particularly distinct advantage in restructuring 
the fungal community.

Discussion
The effectiveness of microbial remediation for heavy 

metal-contaminated soils varies significantly, depending on 
the biological characteristics, remediation mechanisms, and 
environmental adaptability of the microorganisms involved. 
Therefore, even microorganisms with “identical” remediation 
mechanisms might exhibit different effectiveness. Currently, 
research on the remediation of Sb contamination by bacteria 
and fungi remains limited, and the underlying mechanisms 
remain poorly understood. In our previous study, both A. 
johnsonii and R. mucilaginousa exhibited the ability to 
mineralize Sb(Ⅲ) into Sb2O3, with R. mucilaginosa exhibiting 
higher Sb(Ⅲ) resistance and mineralization efficiency than 
A. johnsonii (Shi et al., 2025; Yang et al., 2024). This study 
systematically evaluated the effects of these two strains on pak 
choi growth, Sb accumulation in plants, Sb speciation in soil, 
soil physicochemical properties, and rhizosphere microbial 
community. 

The results demonstrated that both microorganisms can 
promote pak choi growth under Sb stress and effectively reduce 

Sb accumulation in plant tissues. However, R. mucilaginosa is 
superior to A. johnsonii in both promoting plant growth and 
reducing Sb accumulation. These findings are consistent with 
recent trends in microbe-assisted phytoremediation research, 
as multiple microorganisms have been shown to alleviate 
antimony stress by promoting plant growth and altering the 
speciation of antimony in soil (Wu et al., 2025). However, 
the differences in efficiency among various microorganisms 
also reflect a high degree of strain-specific dependence of 
remediation outcomes. For example, arbuscular mycorrhizal 
fungi (AMF) reduced antimony uptake and translocation in 
flax by 47% (Zrig et al., 2025), while the combination of the 
antimony-resistant plant growth-promoting bacterium Bacillus 
sp. D2 with Fe²⁺ reduced antimony translocation in rice stems 
by 67.6% (Wu et al., 2025). In comparison, R. mucilaginosa, 
which performed better in this study, resulted in even lower 
antimony accumulation in plant tissues, demonstrating 
an efficacy comparable to these reported high-efficiency 
remediation strategies.  

Nitrogen serves as a fundamental element for chlorophyll 
synthesis; therefore, its availability directly influences 
chlorophyll content and photosynthetic efficiency. Inoculation 
with A. johnsonii or R. mucilaginosa significantly increased the 
available nitrogen content in rhizosphere soil and effectively 
elevated the leaf chlorophyll content. The effect was more 
pronounced in the R. mucilaginosa treatment, indicating its 
capacity to enhance nitrogen uptake in pak choi compared to A. 

Fig 6. Analysis of the effects of A. johnsonii and R. mucilaginosa treatments on the microbial community in the rhizosphere soil of 
pak choi. (A, B) Principal coordinate analysis of bacterial and fungal communities; (C, D) Redundancy analysis of bacterial  

and fungal communities and soil physicochemical factors under A. johnsonii treatment; (E, F) Redundancy analysis  
of bacterial and fungal communities and soil physicochemical factors under R. mucilaginosa treatment.
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johnsonii. This difference is further corroborated in the study 
by Paul et al. (2029), in which R. mucilaginosa JGTA‑S1 can 
form a tripartite interaction system by symbiotically interacting 
with the endophytic nitrogen‑fixing bacterium  Pseudomonas 
stutzeri, resulting in sustained expression of nitrogenase genes 
even under nitrogen‑sufficient conditions. Consequently, it 
activates nitrogen metabolism‑related transcription factors 
within 24 hours of colonization, providing a rapid nitrogen 
supply to rice (Paul et al., 2019). In contrast, although  A. 
johnsonii  also possesses nitrogen solubilization and 
heterotrophic nitrification capabilities (Jangra et al., 2024), its 
nitrogenase function is readily inhibited under high‑nitrogen 
conditions. Therefore, this mechanistic difference may be a 
potential reason for the superior plant growth‑promoting effect 
of R. mucilaginosa observed in this study. 

Appropriately increasing the nutrients can promote 
root growth and nutrient absorption. Consistent with this, 
inoculation with either A. johnsonii or R. mucilaginosa distinctly 
decreased the contents of available phosphorus and potassium 
in soil, suggesting enhanced uptake of these elements by pak 
choi. Root vitality refers to the ability of nutrients uptake and 
environmental responsiveness and is a key determinant of 
plant growth and yield. Both A. johnsonii and R. mucilaginosa 
inoculations distinctly enhanced root vitality, but the effect of 
R. mucilaginosa inoculation was more pronounced. This result 
is highly consistent with existing studies on PGPR-mediated 
root system regulation. For example, Naveen and Balachandar 
et al. (2025) found that Aeromonas hydrophila QS74, owing 
to its abundant extracellular polymeric substance secretion 
capability, significantly enhances soil organic carbon, microbial 
activity, and aggregate stability, and improves the nutrient 
acquisition capacity of subsequent crops through a positive 
feedback mechanism of “soil conditioning–root response” 
(Naveen and Balachandar, 2025). Accordingly, it is further 
inferred that the mechanisms by which  A. johnsonii  and  R. 
mucilaginosa  enhance root activity are multifaceted, 
encompassing volatile signal transduction, rhizosphere 
microenvironment remodeling, and feedback regulation of the 
soil–plant system. 

Both strains exhibit significant plant growth-promoting 
traits, including ammonia production, nitrogen fixation, 
phosphate solubilization, and siderophore synthesis. On this 
basis,  A. johnsonii  also produces indole compounds such 
as indole-3-lactic acid (ILA), and its growth-promoting 
chemical composition has been confirmed by mass 
spectrometry (Bhattacharya et al., 2024). Meanwhile,  R. 
mucilaginosa  RSRod01 possesses combined abilities of 
siderophore production, extracellular enzyme secretion, and 
heavy metal tolerance, and can maintain its growth-promoting 
activity under a salt concentration of 4% (Rahal et al., 2023). 
Thus, the aforementioned multiple growth-promoting traits of 
the two strains constitute the direct basis for their plant growth-
promoting effects.

The toxicity and bioavailability of heavy metals primarily 
depend on their speciation in the environment. Iron-manganese 
oxides exhibit a strong adsorbing capacity for Sb(Ⅲ) and 
Sb(Ⅴ); however, the plant availability of these adsorbed 
species is significantly different. Compared to Sb(Ⅲ), iron-
manganese oxide-bound of Sb(Ⅴ) is difficult to be absorbed 
by plant roots (Shao et al., 2021). In recent years, research 

on microbe-mediated antimony transformation has provided 
new approaches for reducing antimony bioavailability. For 
example, Pseudomonas sp. QJX-1, isolated from an antimony 
mining area, can oxidize Sb(III) to Sb(V) through the in situ 
formation of biogenic manganese oxides (BMO), and only the 
Sb(V) generated by the oxidation process can be efficiently 
adsorbed by BMO. The Fe(II) produced from the oxidation 
further forms FeOOH and mixes with BMO to constitute 
biogenic iron‑manganese oxides (BFMO), achieving the 
synergistic immobilization of antimony through oxidation and 
adsorption (Bai et al., 2017). In addition, a team from Huazhong 
Agricultural University recently identified a bifunctional 
enzyme, AntO, that simultaneously catalyzes Sb(III) oxidation 
and H₂O₂ decomposition (Luo et al., 2026), providing direct 
molecular evidence for the enzymatic regulation of soil 
antimony speciation by microorganisms. 

Under aerobic conditions, Sb in soil mainly exists as 
Sb(Ⅴ). Residual Sb has low biological availability and is 
difficult for plants to absorb. Therefore, increases in the 
iron-manganese oxide-bound and residual proportions in the 
rhizosphere soil contribute to reducing Sb absorption by pak 
choi roots. Humic acid and other dissolved organic matter can 
significantly increase the solubility and mobility of antimony 
in soil through complexation and competitive adsorption, 
thereby raising the risk of crop uptake. Notably, the interaction 
effects between organic matter from different sources and 
iron‑manganese oxides vary significantly. Straw‑derived 
organic‑inorganic composite colloids (SD‑Fe/Mn) form a more 
stable colloidal structure with iron‑manganese oxides, resulting 
in the near‑complete stabilization (100%) of water‑soluble and 
carbonate‑extractable antimony after 35 days of treatment. In 
contrast, humic acid‑iron‑manganese colloids (HA‑Fe/Mn), 
due to their higher carboxyl content, actually enhance colloid 
mobility (Zheng et al., 2024). This finding is highly consistent 
with the conclusion of the present study that humic acid‑bound 
antimony increases the risk of crop uptake. A. johnsonii 
and R. mucilaginosa inoculation significantly increased the 
proportion of iron-manganese oxide-bound and residual 
Sb and reduced the proportion of the humic acid-bound Sb. 
Consequently, through their combined effects, A. johnsonii 
and R. mucilaginosa inoculation effectively inhibited the 
absorption and accumulation of Sb by pak choi.

As common resident bacterial taxa in soil, Pseudomonadota 
and Bacteroidota play important roles in modulating heavy 
metal bioavailability (Li et al., 2022). Inoculation with 
A. johnsonii did not significantly alter the total relative 
abundance of these two bacterial taxa at either the  phylum or 
genus level. In contrast, R. mucilaginosa increased the total 
relative abundance of these two taxa. As key fungal taxa in the 
environment, Ascomycota, Mortierella, and Pichia play crucial 
roles in heavy metal immobilization, transformation, and 
bioremediation through their respective unique mechanisms. 
As a vast taxonomic group, Ascomycota exhibits remarkable 
biosorption capabilities via hyphae or yeast cells surfaces, 
where components such as chitin and chitosan passively bind 
metal ions. Furthermore, Pichia species can biotransform 
heavy metals through redox reactions and methylation, altering 
their mobility and toxicity (Martorell et al., 2012). Mortierella, 
a plant growth-promoting fungus, often forms mycorrhizal 
or endophytic associations with plants, enhancing phosphate 
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nutrition and plant growth, while also exhibiting significant 
tolerance to multiple heavy metals (such as Cd, Pb, Zn, Cu, 
and As) (Cui et al., 2017). A. johnsonii did not significantly 
influence the fungal community structure at phylum or genus 
level, but R. mucilaginosa significantly increased the relative 
abundance of  Mortierella  and Pichia in the rhizosphere soil 
and successfully established itself in the Sb-contaminated 
environment.

PCoA and RDA revealed that R. mucilaginosa inoculation 
significantly drove variations in bacterial and fungal 
communities and showed a stronger association between the 
community structure and environmental factors. Although 
A. johnsonii and  R. mucilaginosa did not show obvious 
difference in  the variation of Sb speciation in rhizosphere 
soil, R. mucilaginosa  inoculation more effectively alleviated 
Sb accumulation in pak choi. Therefore, it is believed that the 
regulation of  Sb accumulation in pak choi by R. mucilaginosa 
contributes to its effect on Sb speciation and the beneficial 
microbial community in the rhizosphere soil, while A. johnsonii 
mainly contributes to the regulation of  Sb speciation alone.

Conclusions
This study demonstrates that  A. johnsonii  and  R. 

mucilaginosa  can significantly enhance the pak choi growth 
and reduce Sb accumulation in a contaminated soil–crop 
system through their plant growth-promoting traits, such 
as nitrogen fixation and phosphorus solubilization, which 
increase soil organic matter and available nitrogen. Critically, 
both strains promoted the conversion of bioavailable Sb 
into more stable residual and iron–manganese oxide-bound 
forms, thereby reducing Sb mobility and plant uptake.   R. 
mucilaginosa  outperformed  A. johnsonii  in enhancing plant 
growth and immobilizing Sb, and uniquely reshaped the 
rhizosphere microbial community by enriching beneficial 
fungi such as  Mortierella and Pichia, thereby strengthening 
plant resilience under Sb stress. In summary, this research 
elucidates a synergistic mechanism of “nutrient activation–
speciation stabilization–microbial regulation” underlying 
microbial remediation of Sb-contaminated soil, providing a 
theoretical and practical basis for the application of functional 
microorganisms in sustainable agricultural remediation. Based 
on the pot experiment results obtained in this study, we plan to 
continue this research by conducting field trials to verify the 
practical remediation effects of the two strains and to further 
dissect the mechanism by which R. mucilaginosa reshapes the 
rhizosphere fungal community. The findings can be developed 
into microbial remediation agents for antimony-contaminated 
farmland, ensuring the safety of agricultural products by 
reducing antimony accumulation in pak choi, with low-cost 
and environmentally friendly application prospects.
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Abstract: One of the methods for treating sewage sludge is drying. In the Polish climate, the period from autumn 
to spring presents a challenge, rendering the natural sludge drying process inefficient. As an auxiliary measure, a 
dehumidifier can be employed, which, when combined with the use of biocomponents added to the sludge intended for 
drying, significantly improves the outcome of the process. The drying of sludge mixtures with additives was conducted 
during the autumn-winter period in a 10 m² polytunnel, divided into two sections: one unassisted and the other assisted 
by a dehumidifier. Sludge mixtures supplemented with walnut shells, wood chips, and sawdust, as well as sludge 
without additives serving as a control sample, were dried. It was found that the application of a dehumidifier, even solely 
during the initial phase of drying, facilitated a final reduction in the moisture content of the mixtures to 30–20% after 
just 40–60 days, which is sufficient for their storage, transport, or further utilization. The amount of water evaporated 
from the mixtures with additives in the assisted section, along with the drying rate, was several times greater. For the 
sludge without additives, the difference in the amount of evaporated water was as much as 30-fold. The final result 
achieved for the mixtures with biocomponents, owing to the initial moisture content and the structure of the material 
being dried, was considerably superior to that of the sludge without additives, a finding previously confirmed in earlier 
studies conducted under natural conditions during the spring-summer period.

© 2026. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-
ShareAlike 4.0 International Public License (CC BY SA 4.0, https:// creativecommons.org/licenses/by-sa/4.0/legalcode), 
which permits use, distribution, and reproduction in any medium, provided that the article is properly cited.

Introduction 
One of the stages in the sewage sludge treatment chain 

is drying, which significantly reduces its volume, alters its 
structure, promotes sludge hygienization, and increases its 
calorific value compared to the wet material (Bennamoun 2012; 
Trojanowska et al. 2012). Due to the high costs associated 
with drying sewage sludge using conventional methods, there 
has been  growing interest in alternative drying techniques 
(Hurynovich et al. 2021, Mehrdadi et al. 2007, Przydatek et 
al. 2020).

Legislative developments require EU Member States 
to develop and implement sewage sludge management 
technologies, with  particular emphasis on restricting landfill 
disposal and increasing the proportion of recovery processes. 
Consequently, processes involving the drying and conversion 
of sewage sludge into energy or fertilizer products are attracting 
increasing attention (Werle 2015).

Sewage sludge must be appropriately prepared prior to 
its natural utilization or thermal treatment (Khan et al. 2023, 

Mehrardi et al. 2007, Smol et al. 2020). This is necessary 
primarily due to its high water content, variable concentrations 
of heavy metals, and varying degrees of sanitary risk 
(Cesaro et al. 2022, Yusuf et al. 2023). Among the available 
drying technologies, solar systems are gaining increasing 
prominence, as they facilitate a reduction in water content 
with minimal external energy consumption. Under temperate 
climate conditions, solar dryers can evaporate 1 ton of water 
while consuming only 13–28 kWh of electrical energy, which 
is substantially less than conventional thermal dryers, which 
consume up to 1.2 kWh per kilogram of evaporated water. An 
additional advantage of solar drying is its suitability for small 
and medium-sized wastewater treatment plants, particularly 
in rural areas lacking access to waste heat or district heating 
networks (Jat Baloch et al. 2023).

The efficiency of solar drying depends on meteorological 
conditions, meaning that during the winter period, especially in  
temperate climates, it frequently requires additional support. 
Another crucial factor is the structure of the material being 
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dried; therefore, the application of additives such as wood 
chips, walnut shells, or sawdust can substantially improve 
the efficiency of water evaporation (Kujawiak et al. 2024, 
Makowska et al. 2025). Furthermore, the use of supplementary 
biocomponents can improve drying conditions during 
unfavorable periods, thereby enhancing the physicochemical 
properties of the resulting biomixture, which can subsequently 
be utilized for both energy recovery and fertilizer applications 
(Boguniewicz-Zabłocka et al. 2021, Czekała et al. 2016, 
Kujawiak et al. 2024a). 

 Structural additives optimize heat exchange within the 
system, limit material agglomeration, and facilitate mixing, 
thereby enabling the entire layer to dry uniformly throughout 
its cross-section (Li et al. 2021). The importance of the 
dryer’s design and its internal microclimate parameters was 
highlighted by Sorrenti et al. (2022), Mathioudakis et al. (2013), 
and Salihoglu et al. (2007). These authors demonstrated that, 
particularly during periods of low insolation and high relative 
humidity, the use of a dehumidifier, in addition to mechanical 
ventilation, can be highly beneficial. It not only stabilizes the 
relative humidity but can also positively affect the moisture 
reduction in the deeper layers of the sludge, which typically 
dry at a significantly slower rate and are more susceptible to 
clumping.

Krawczyk (2019) demonstrated a clear linear correlation 
between the so-called drying potential of the ventilation air 
(defined as the difference between the water vapor saturation 
level at a given temperature and the current water vapor 
content) and the instantaneous drying rate of the sludge, 
particularly during the initial phase of the process, when the 
moisture gradient between the sludge and the ventilation air 
is at its peak. As the material dries and cumulative drying 

potential increases, the efficiency of the process decreases, 
which is consistent with the classical thin-layer drying model 
and confirms the existence of clearly defined drying phases: the 
rapid evaporation of free water, the transitional phase, and the 
final removal of bound water (An-nori et al. 2020, Bennamoun 
2012). Sorrenti et al. (2022) and Bennamoun (2012) indicated 
that introducing additional assistance to the drying process 
is most effective during the first 10–20 days of the process. 
Therefore, the level of process assistance should be adapted 
to external conditions, the characteristics of the dried material, 
and the specific phase of drying phase.

The objective of this study was to determine the impact 
of employing a dehumidifier on the efficiency of the solar 
drying process of sewage sludge mixed with biocomponents. 
The study aimed to verify the hypothesis that the use of a 
dehumidifier as an auxiliary drying aid would improve the 
microclimatic parameters within the dryer, increase the rate of 
water evaporation from the sludge mixtures, and consequently 
reduce the overall drying time.

Materials and methods
The research was conducted in a naturally ventilated 

polytunnel measuring 2.5 x 4.0 m, located at the experimental 
farm of the Department of Horticulture, Poznań University of 
Life Sciences. Two zones were established within the tunnel: 
one equipped with a dehumidifier and a reference zone without 
a dehumidifier. Four containers measuring 0.8 x 0.9 m were 
placed in each zone, containing the biomixtures prepared 
for drying in four variants: sewage sludge supplemented 
with walnut shells, sewage sludge supplemented with mixed 
wood chips, sewage sludge supplemented with sawdust, and 
sewage sludge without additives (reference sample). The 

Symbol of the 
mixture

Type of 
supplement

Sewage sludge 
mass, kg Supplement mass, kg Total mass of the 

mixture, kg
MS1, BS1 Walnut shells 58.17 17.01 75.18
MS2, BS2 Wood chips 58.17 17.55 75.72
MS3, BS3 Tree sawdust 58.17 8.37 66.54
MS4, BS4 none 116.34 0 116.34

Table 1: Characteristics of the dried mixtures

Fig. 1. Materials used in the drying tunnel
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initial thickness of the mixture layer was 15 cm, and the drying 
surface area of each container was 0.72 m². The materials used 
in the study are presented in Fig 1.

The arrangement of the containers with the mixtures was 
designed to ensure a similar layout in both zones (Fig. 2).

In zone B, drying was carried out under natural conditions 
without assistance. In zone M, drying also occurred under 
natural conditions but was supplemented with a dehumidifier 
rated at 0.8 kW and equipped with adjustable capacity, which 
operated continuously during the first 30 days of the process. 
The capacity of the dehumidifier was 270 m³ of air per hour. 
The mixtures in both zones were manually turned once a day. 
A maximum of 60 liters of leachate was collected over a 24-
hour period.

To monitor the air parameters inside the tunnel, automatic 
sensors measuring air temperature and relative humidity were 
installed  both beneath the roof of the dryer and directly within 
the material being dried in each container. Measurements were 
recorded continuously, enabling the analysis of daily variations 
in temperature and humidity. External meteorological data (air 
temperature, relative humidity, and insolation) were obtained 
from the official meteorological station of the Department of 
Horticulture located at Poznań–Ławica. The experiment lasted 
80 days, from the end of September to mid-December 2024. 

The moisture content of the mixtures was analyzed 
at regular intervals of 2–3 days. A composite sample was 
collected from each container and transported to the analytical 
laboratory of the Department of Water and Sanitary Engineering 
at Poznań University of Life Sciences. The determination of 
total and organic suspended solids was conducted using the 
direct gravimetric method in accordance with the PN-EN 
872 standard. Based on these measurements, the following 
parameters were calculated using Eqs. (1-7):

		
H

m
m
aq

w
%

%= ⋅100
	

    	 (1)
where: H% – moisture content of the mixture, %,
maq – mass of water contained in the mixture, g,  
		  maq = mw – mog			   (2)
mw – mass of the wet mixture, g,
mog – total dry mass of the mixture, g,

		  W
m
m
aq

w

= ⋅1000   		  (3)

where:	 W – water content in the mixture, kg/kg,
	 ΔW = (W0 · M0 –Wk · Mk) · 10–3    		  (4)

where: ΔW – amount of water evaporated from the mixture, kg,
W0 – water content of the mixture before drying, g/kg,
Wk – water content of the mixture after drying, g/kg,
M0 – total initial mass of the mixture before drying, kg,
Mk – final total mass of the mixture after drying, kg,

		  ∆ =
∆W W
Mm

0
		  (5)

where: ΔWm – amount of water evaporated from the mixture 
per unit of the total initial mass of the mixture, kg/kg,

		  ∆ =
∆W W
Ap     		  (6)

where: ΔWp – amount of water evaporated from the mixture per 
unit of drying surface area, kg/m²,
A – drying surface area, m²,

   		  ∆ =
∆W W
Msm

sm
	   (7)

where:	 ΔWsm – amount of water evaporated from the mixture 
per unit of the dry mass of the mixture, kg/kg dm,
Msm – dry mass of the mixture, kg.

The research results were compiled and presented in 
tabular and graphical form. The coefficient of determination 
(R2) was calculated for the drying curves.

The energy consumption  to support the drying process 
was also determined in relation to the overall results achieved. 
The resulting indicators, calculated per unit of sludge volume, 
evaporated water volume, and drying surface area, were 
compared with data available in the literature.

Results
The course of the drying process is directly influenced by 

the air parameters both outside and inside the dryer. Table 2 
presents the environmental parameters of the mixtures being 
dried in both zones of the dryer, including insolation, air 
temperature, and air humidity. These environmental conditions 
directly influenced  the temperature and moisture content of 
the mixtures being dried.

Figure 3 presents the average daily values of air 
temperature inside and outside the tunnel. During the initial 
phase of drying, the external air temperature fluctuated from 
a few to over a dozen °C, and the air temperature inside the 
tunnel was a few degrees higher, with the MS zone containing  
higher temperatures than the BS zone. During the second phase 
of drying, when the external air temperature fell below 10 °C 
and occasionally below 0 °C, the temperatures inside the tunnel 

Fig. 2. Mixtures prepared for drying; a – zone B, b – zone M

a) b)

Małgorzata Helena Makowska, Sebastian Kujawiak, Damian Janczak, Ariel Antonowicz, Bartosz Kucharski



	  	 19

became comparable in both zones. Similar to the external 
conditions, the air temperature inside the tunnel decreased 
from more than 20 °C at the beginning of the process to only 
a few °C at the end. Overall, the difference between the initial 
and final air temperatures, both outside and inside the tunnel, 
exceeded 10 °C.

Fig. 4 presents the measured changes in air humidity inside 
and outside the dryer. This parameter exhibited considerable 
variability; however, during the operation of the dehumidifier, 
the humidity in the assisted MS zone was up to 40% lower 
than that in the unassisted BS zone. During the late autumn 
and winter periods, the air humidity in both zones periodically 
reached 100%.

The changes in air temperature and the temperature of 
the mixtures being dried were influenced by the variation in 

solar radiation intensity during the autumn-winter study period  
(Fig. 5).

Figure 6 illustrates the changes in the temperature of the 
mixtures in the BS and MS zones during the drying process, 
as measured by the installed sensors. Similar to the ambient 
air temperature, the temperature of the mixtures gradually 
decreased from maximum values of 30–40 °C to minimum 
values below 10 °C. However, in the assisted MS zone, the 
diurnal temperature fluctuations and the differences between 
consecutive days were less pronounced. A direct comparison 
of mixtures with identical initial compositions dried under 
different conditions indicates that, during the initial phase of 
drying ( approximately the first 20–30 days), the temperature of 
the assisted mixtures was higher for most of the time. This was 
associated with the more rapid evaporation of water, further 

Fig. 3. Changes in air temperature inside and outside the drying room

Drying zone Zone BS Zone MS
Mixture BS1 BS2 BS3 BS4 MS1 MS2 MS3 MS4
Insolination, MJ/m2

min.
max.

0.0039
9.3786

0.0039
9.3786

Temp. outside, 0C
min.
max.

-1.34
17.51

-1.34
17.51

Temp. inside, 0C
min.
max.

- 1.07
25.82

- 1.25
27.90

Humidity outside, %
min.
max.

49.68
100.00

39.57
100.00

Temp. of mixture, 0C
initial
final
min.
max.

25.32
7.49
1.20
25.32

26.15
8.12
1.00
36.85

24.67
6.85
0.73
26.44

26.09
4.44
1.34
26.09

21.63
7.98

- 0.31
28.65

21.62
7.98

- 0.51
43.37

21.64
7.99

- 0.01
36.56

21.64
9.02
0.32

28.29
Humidity of mixture, %

initial
final
min.
max.

67.44
52.19
47.80
68.05

68.38
50.69
50.56
68.38

76.31
58.82
56.81
76.31

86.14
84.84
84.48
86.59

72.86
20.83
18.46
72.86

69.38
21.12
20.41
69.38

77.22
22.67
16.81
77.22

86.86
65.13
65.13
86.86

Table 2: Parameters of the environment and the examined mixtures
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enhanced by the operation of the  dehumidifier. Although  the 
dehumidifier was switched off after the first four weeks of the 
experiment, the elevated temperature of the assisted mixtures 
persisted for several additional days. During the second phase 
of drying, the temperature of the mixtures that had received 
assistance during the initial  phase was lower than that of the 
unassisted mixtures. 

Based on laboratory analyses of the moisture content of 
the mixture samples,  drying curves were constructed using 
Eqs. (1) to (3), (Fig. 7). The drying of the mixtures in the tunnel 
section without the dehumidifier proceeded very slowly and 
inefficiently. After 80 days of the experiment, the moisture 
content of the sludge mixtures containing additives had 
decreased by  more than 20percentrage points relative to the 
initial value, resulting in a final water content of 50–60%. In 
contrast, the moisture content of the sludge without additives 
decreased by only a few percentage points.

The drying of the identical mixtures in the tunnel 
section assisted by a dehumidifier proceeded considerably 
faster and with greater efficiency. After only 60 days, 
the moisture content of the mixtures had decreased to 
approximately 20% and was 30–40 percentage points 
lower than in the unassisted zone, representing  a highly 

favorable result under autumn-winter conditions. No further 
significant reduction in moisture content was observed 
during the subsequent 20 days of drying. The drying of 
the sludge without additives was less effective, confirming 
the previously reported positive effect  of additives on the 
efficiency of sewage sludge drying (Makowska et al. 2025). 
The dehumidifier was switched off after 30 days of the 
experiment; however, this did not adversely affect the final 
drying outcome, indicating that the initial drying period is 
crucial for modifying the structure of the material being 
dried and promoting water removal. Similar observations 
have been reported in Germany, where the application of 
underfloor heating or forced-air ventilation increased drying 
efficiency by 20-30% (https://www.eurotech.net.pl/ist.php).

Fig. 8 presents the drying rate curves for the examined 
mixtures. During the initial phase of the process, the drying 
rate in the assisted MS zone was approximately three times 
higher than that in the unassisted BS zone. Approximately a 
dozen or so days after the deactivation of the dehumidifier, 
the drying rate of mixtures MS1, MS2, and MS3 continued 
to increase. In contrast, the drying rate of the mixtures in the 
unassisted zone was highest in the initial phase of drying and 
subsequently showed only  a marginal increase.

Fig. 4. Changes in air humidity outside and inside the drying room

Fig. 5. Variation in solar radiation intensity during the research period; MS – assisted section,  
BS – unassisted section, OUT – outside the tunnel
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A coefficient of determination greater than 0.8 is 
considered to indicate good fit, whereas values between 0.6 and 
0.8 indicate a satisfactory fit. These correspond to  correlation 
coefficients (the square root of the coefficient of determination) 
of 0.7746 and 0.8944, respectively. In general, a correlation 
coefficient exceeding 0.7 is regarded as indicative of a  good 
fit. According to Szydłowski (1978), for a significance level of  
α = 0.05 and the number of points in the graphs—16 and 23—
the corresponding critical correlation coefficients are 0.4227 
and 0.4683, respectively. In conclusion,the fitted models can 
be considered statistically significant and representative of the 
experimental data.

The drying rate of the sludge without additives in the 
assisted zone was comparable to that observed in  the unassisted 
zone, demonstrating that the application of  additives was 
responsible for improving  the drying performance of the 
sewage sludge mixtures.

Using Eqs. (4) to (7), the amount of water evaporated 
during the drying of the mixtures was calculated (Fig. 9). The 
results showed   that the total amount of evaporated water, 
as well as the amounts expressed per unit of the total mass 
and dry mass of the mixtures, was consistently greater under 
assisted drying than under unassisted drying. For the mixtures 
containing biocomponents, the amount of evaporated water 
in the MS zone was 1.3 to 3.4 times greater than that in the 

BS zone. The highest values were obtained  for the mixtures 
containing sawdust and walnut shells in the MS zone and for 
the mixtures containing sawdust and wood chips in the BS 
zone. In the case of  the sludge without additives (control 
sample), the difference was as much as 30-fold.

During the drying process, the organic matter content 
in the mixtures was also analyzed. Fig. 10 illustrates the 
organic matter content of the examined mixtures, expressed  
on a dry matter basis, at the beginning and end of the drying 
process. A decrease of several percentage points indicated that 
mineralization of organic substances occurred during drying.

An important aspect of the process is the amount of 
energy required to support drying. During the study, the energy 
consumption amounted to 1.235 kWh/kg of evaporated water. 
Compared with the value of  1.750 kWh/kg of evaporated 
water reported  by Trojanowska (2010) for a dryer equipped 
with underfloor heating, this represents a favorable result for 
the proposed solution. The energy consumption per unit of 
drying surface area was 97.24 kWh m2,  which is significantly 
higher compared to 311 kWh reported for the dryer in Kłodzko 
(Trojanowska et al. 2012). Comparison with studies conducted 
in regions characterized by substantially higher  solar radiation 
are less meaningful  due to the much greater contribution of 
solar energy, including its storage, as reported, for example,  in 
Chile (Poblete and Pinemal 2020).

Fig. 6. Changes in the average daily temperature of the mixtures over time:  
a – MS1 and BS1, b – MS2 and BS2, c – MS3 and BS3, d – MS4 and BS4
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Fig. 7. Drying curves of the mixtures: a – unassisted BS section, b – assisted MS section

Fig. 8. Drying rate curves of the tested sludge mixtures with biocomponents
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Conclusions
The pilot-scale study on the drying of sewage sludge with 

biocomponents  in a polytunnel dryer clearly  demonstrated  
the positive effect of using a dehumidifier as an auxiliary 
component in the drying process. During the initial 30-day  
drying period, the relative humidity in the assisted zone was 
lower, whereas the air temperature was higher than in the 
unassisted zone, resulting in  improved drying conditions and 
enhanced process efficiency. After 30 days of the dehumidifier 
operation, the moisture content of the mixtures in the assisted 
zone was 20 to 30 percentage points lower than that in the 
unassisted zone, despite identical initial values. Although the 
dehumifier was switched off  after this period, the moisture 
content of the assisted mixtures decreased to approximately 
20% during the subsequent 30 days, a level sufficient for the 
transport and further utilization of the dried material. The 
uniform progression of drying following the deactivation of 
the dehumidifier indicates that the initial stage of the process 
is critical to the final drying outcome. The amount of water 
evaporated from the mixtures in the assisted zone was more 
than three times greater than in the zone without dehumidifier 
assistance. The study also confirmed the beneficial impact of 
the bio-additives on the drying process. Although drying of 

the sludge without additives proceeded more effectively in the 
assisted zone than in the unassisted zone, the process remained 
slow , resulting in a final reduction in moisture content of only 
20%. The application of a dehumidifier as an auxiliary  drying 
device is  a simpler and less energy-intensive solution than  a 
hybrid system based on heat pumps and underfloor heating. 
Combined with the use of structural additives, it may represent 
a favorable option for small and medium-sized wastewater 
treatment plants.

The proposed system is easy to implement in solar sewage 
sludge dryers of any  size. When combined with the dryer’s 
ventilation system (air inlets and exhaust vents) and a sewage 
sludge turner, it can significantly reduce the sludge drying 
time. A considerable reduction in the moisture content of the 
sludge also decreases  its volume, facilitating storage when 
immediate utilization is not possible and reducing transport 
costs. Furthermore, the dried sludge can be used for energy 
recovery, for example, through co-incineration, provided that 
it meets the combustion requirements for this type of material.
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Wpływ pochłaniacza wilgoci na proces suszenia solarnego biomieszanek  
na bazie osadu ściekowego

Streszczenie: Jedną z metod przeróbki osadów ściekowych jest ich suszenie. Wykorzystanie w tym celu energii słonecznej 
jest korzystne pod względem ekonomicznym oraz umożliwia stosowanie procesu suszenia w małych i średnich obiektach 
oczyszczających ścieki. Jednak w polskim klimacie problemem jest okres roku od jesieni do wiosny, kiedy intensywność 
promieniowania słonecznego i temperatura powietrza spadają i proces naturalnego suszenia jest mało efektywny. Jako 
wspomaganie, zamiast dodatkowego ogrzewania suszarni słonecznej, można zastosować pochłaniacz wilgoci, który 
w połączeniu z wykorzystaniem biokomponentów dodawanych do osadu przeznaczonego do suszenia zdecydowanie 
poprawia efekt procesu. Suszenie mieszanek osadu z dodatkami przeprowadzono w okresie jesienno- zimowym, w tunelu 
ogrodowym o powierzchni 10 m2 , podzielonym na dwie sekcje: bez wspomagania i ze wspomaganiem pochłaniaczem 
wilgoci. Suszono mieszanki osadu z dodatkiem łupin orzecha włoskiego, zrębków drzewnych i trocin oraz osad bez 
dodatków będący próbą kontrolną. Stwierdzono, że zastosowanie pochłaniacza wilgoci już tylko w pierwszej fazie 
suszenia pozwoliło na końcowe obniżenie wilgotności mieszanek do 30-20% już po 40–60 dniach, co jest wystarczające 
dla ich magazynowania, transportu lub dalszego wykorzystania. Ilość odparowanej wody z mieszanek z dodatkami  
w sekcji ze wspomaganiem, podobnie jak szybkość suszenia, była kilkukrotnie większa. Dla osadu bez dodatków różnica 
w ilości odparowanej wody była nawet 30-to krotna. Efekt końcowy uzyskany dla mieszanek z biokomponentami ze 
względu na wyjściowe uwodnienie i strukturę suszonego materiału był zdecydowanie lepszy, niż dla osadu bez dodatków, 
co stwierdzono już we wcześniejszych badaniach, prowadzonych w warunkach naturalnych w okresie wiosenno-letnim.

Effect of a Dehumidifier on the Solar Drying of Sewage Sludge-Based Biomixtures
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Abstract: Acetaminophen (APAP, paracetamol) is one of the most widely used human drugs, and simultaneously, 
one of the most frequently detected pharmaceutical micropollutants in environmental matrices. The major 
metabolites of acetaminophen are generally considered to be glucuronide and sulfate conjugates, p-aminophenol, 
hydroquinone, and NAPQI, while 4-MP may occur as one of the transformation products under specific 
environmental degradation pathways. Determining and comparing the toxicity of these compounds is crucial for 
environmental and public health. In this study, the toxicity of APAP and 4-MP was assessed using two model 
microorganisms, Escherichia coli ATCC-25922 and Candida albicans ATCC-1023, based on growth inhibition. 
The susceptibility of microorganisms belonging to the human microbiome (E. coli, E. hormaechei, S. epidermidis, 
L. rhamnosus, and C. albicans) to both compounds was determined by calculating the minimum inhibitory 
concentrations (MICs). Genotoxicity was estimated using the genotoxin-sensitive recA promoter in E. coli 
RFM443 recA::luxCDABE. Reactive oxygen species (ROS) production was measured in E. coli exposed to both 
compounds at concentrations of 0.1, 1, 10, 100, and 1000 mg·L⁻¹ as an oxidative stress indicator. Comparative 
analysis revealed similar sensitivity of E. coli and C. albicans to both compounds at 100 mg·L⁻¹, though at 10 
mg·L⁻¹, 4-MP exerted a stronger inhibitory effect on both strains than APAP. MIC assays showed that E. coli 
and E. hormaechei were more sensitive to 4-MP than to APAP, while no significant differences were observed 
for the remaining strains. APAP demonstrated a stronger genotoxic effect than 4-MP in E. coli cells. ROS data 
indicate that oxidative stress is the primary molecular mechanism underlying the toxicity and genotoxicity of both 
compounds. Future studies should investigate the toxicity of APAP and 4-MP mixtures under environmentally 
relevant exposure conditions.
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Introduction
The contamination of water resources with pharmaceuti-

cals and their metabolites is a significant global problem. Phar-
macologically active compounds, including antibiotics and 
hormones, have been detected in all aquatic and water-related 
compartments (Lunghi et al.  2025), causing negative effects 
on living organisms and having long-term consequences for 
human health through the development of antimicrobial resis-
tance (AMR) (Ossowicz-Rupniewska et al., 2023). In response 

to these threats, the European Union has established a compre-
hensive legal framework for the protection of water resources, 
most notably through the Water Framework Directive 2000/60/
EC and Council Directive 98/83/EC on the quality of water 
intended for human consumption, implemented in Poland 
through the Water Law Act (Dz. U. poz. 2294, 2017, Cybulski 
et al.  2021, Szymański et al., 2026). 

 The environmental concern is acetaminophen, a fully 
synthetic aromatic amide of the aniline derivative class, with 
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a para-substituted benzene ring bearing a hydroxyl and an 
acetamido group. APAP is one of the most widely consumed 
over-the-counter analgesic and antipyretic agents worldwide 
(Chacón et al.  2022), marketed under several trade names, 
of which acetaminophen, paracetamol, and N-acetyl-p-amin-
ophenol (APAP) are the most widely recognized. Its molecu-
lar formula is C₈H₉NO₂, and its molecular weight is 151.16 
g·mol⁻¹. The compound is a white, odorless, crystalline solid 
with moderate water solubility (1:70 at room temperature; 1:20 
at 100°C), a pKₐ of 9.5–9.7, and an octanol-water partition co-
efficient of 3.2. These physicochemical properties facilitate 
its mobility and persistence in aquatic environments (IARC, 
1990; Mészáros et al.  2022).

Conventional wastewater treatment technologies, includ-
ing the activated sludge process, frequently fail to achieve com-
plete removal of APAP, resulting in its continuous discharge into 
surface waters and soils. Concentrations in surface waters reach 
up to 10 µg·L⁻¹, in groundwater used for drinking water supply 
up to 1.89 µg·L⁻¹ (Li et al.  2014; Pandey et al.  2024), in con-
taminated soils below 100 µg·kg⁻¹, and in biosolids up to 1400 
µg·kg⁻¹ (Chacón et al.  2022; Tomczyk and Urbaniak 2025), with 
the highest recorded concentration reaching approximately 107 
µg·L⁻¹. Evidence of paracetamol bioaccumulation in both flora 
and fauna, together with its detection at substantial concentrations 
in multiple environmental matrices, underscores the risks this 
compound poses to ecological balance and human health (Pandey 
et al.  2025). Numerous studies have demonstrated that APAP in-
duces reproductive disruption, DNA damage, and oxidative stress 
in aquatic organisms, and has been associated with nephrotoxic-
ity, myocardial infarction, hepatic damage, and impaired fetal de-
velopment in humans and animals (Li et al. 2014; Pandey et al. 
2024). Paracetamol use during pregnancy may increase the risk of 
attention-deficit/hyperactivity disorder (ADHD) and autism spec-
trum disorder (ASD; Bührer et al.  2021). Furthermore, regular 
paracetamol use has been associated with a 28% higher risk of 
developing liver cancer (Tian et al.  2024).

Experimental studies have shown that the major metabo-
lites of APAP include glucuronide and sulfate conjugates, p-
aminophenol, hydroquinone, and NAPQI. In turn, a study by 
Li et al. (2014), which utilized both 14C isotope labeling and 
LC-MS/MS techniques, and other studies confirmed the pres-
ence of 4-MP as one of the transformation products formed 
through specific environmental degradation pathways (Li et al.  
2014; Żur et al.  2018; Chacón et al.  2022; Yisau et al.  2024; 
Pandey et al.  2024, 2025; Fig. 1). The possible biodegrada-
tion pathway of APAP, with 4-MP as a one of the metabolites 
formed, is presented in Fig. 1 (adapted from Żur et al.  2018 
and Pandey et al.  2025).

4-MP is widely used across multiple industrial sectors, in-
cluding the pharmaceutical, agricultural, and cosmetic indus-
tries, and has been detected in aquatic and terrestrial environ-
ments at concentrations ranging from ng·L⁻¹ to µg·L⁻¹. Studies 
have shown that 4-MP inhibits the synthesis of DNA, RNA, 
and proteins, causing skin irritation, disruption of reproduc-
tive function, and exhibiting mutagenic, genotoxic, and carci-
nogenic properties in both humans and animals (Asakawa et 
al. 1994; Miyachi et al.  2005; Rahman et al.  2017; Saeed et 
al.  2024). Despite the widespread environmental occurrence 
of paracetamol, comparative toxicological data on its effects 
on soil microorganisms and the human microbiome remain 
scarce. In this experimental work, we tested the following re-
search hypothesis: 4-MP, the transformation product formed as 
a result of acetaminophenol degradation in soil, exhibits toxic, 
genotoxic, and oxidative stress-inducing activity. The present 
study comparatively assessed the toxicity, genotoxicity, and 
oxidative stress-generating potential of APAP and 4-MP using 
strains of E. coli ATCC-25922 and C. albicans ATCC-10231. 
Based on minimum inhibitory concentration (MIC) values, the 
susceptibility of microorganisms constituting the human mi-
crobiome was further compared among E. coli, E. hormaechei, 
S. epidermidis, L. rhamnosus, and C. albicans. The results 
contribute to understanding the impact of paracetamol and its 

Fig. 1. Possible biodegradation pathway of APAP with 4-MP as a one of the metabolites formed  
(adapted from Żur et al.  2018 and Pandey et al.  2025).
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transformation product on environmental microorganisms and 
biodegradation efficiency.

Materials and Methods
Chemical Compounds

The concentrations  of 0.01, 0.1, 1, 10, 100, and 1000 
mg·L⁻¹ were selected based on literature data reporting 
environmentally detected levels of paracetamol and its 
biodegradation metabolites (Li et al.  2014; Pandey et al.  
2024). The inclusion of higher concentrations was intended 
to determine whether the toxicological mechanism of both 
compounds is concentration-dependent. Acetaminophen and 
4-methoxyphenol were purchased from Sigma-Aldrich (UK) 
and dissolved in dimethyl sulfoxide (DMSO) prior to use. In 
the samples studied, the final DMSO concentration was 10%. 
Solvent controls were included in the experimental systems 
used in the studies.

Microorganisms
The study was conducted during the academic year 

2024/2025 using microorganisms purchased from the 
American Type Culture Collection (ATCC, USA). The 
toxicity of APAP and 4-MP was assessed based on the 
antimicrobial activity of both compounds against two model 
microorganisms: the bacterium E. coli ATCC-25922 and the 
fungus C. albicans ATCC-10231. Oxidative stress, based on 
reactive oxygen species (ROS) generation, was additionally 
measured in E. coli ATCC-25922. The genotoxicity of 
both compounds was determined using the E. coli RFM443 
recA:luxCDABE biosensor strain. For the determination of 
MIC values, a broader panel of microorganisms representing 
the natural human microbiome was employed, comprising E. 
coli ATCC-25922, Enterobacter hormaechei ATCC-700323, 
Staphylococcus epidermidis ATCC-12228, Lacticaseibacillus 
rhamnosus ATCC-53103, and C. albicans ATCC-10231.

Rationale for the Selection of Microorganism Strains 
The study was conducted using microorganisms belonging 

to the human microbiome to investigate the effects of the drug 
and its transformation product, 4-MP, on the natural human 
microbiota. When ingested as a drug, APAP is metabolized in 
the human body, enters the bloodstream, and reaches the tissues 
and organs, affecting not only the gut microbiome but also the 
microbiome of the entire body. Furthermore, when immunity 
is compromised, there is excessive proliferation of microbiome 
microorganisms and the emergence of opportunistic infections, 
which are also caused by strains of E. coli, C. albicans, and S.  
epidermidis - the subjects of our study.

Justification for the Selection of Biological Assays 
Used in the Experiments

The toxicity (inhibition of microbial culture growth and 
determination of MIC values), genotoxicity, and oxidative 
stress (based on ROS synthesis values) tests conducted in 
this study were aimed at determining the toxic and genotoxic 
potential of both tested chemical compounds (APAP and 4-MP). 
The determination of ROS synthesis levels served as the basis 
for confirming oxidative stress as the primary mechanism of 
toxicity and genotoxicity of the chemical compounds studied 
in this work.

Measurement of Antimicrobial Activity
Antimicrobial activity was established based on the 

growth inhibition of both microorganisms, cultivated at 37°C 
in Luria-Bertani (LB) medium containing tryptone (10 g·L⁻¹), 
yeast extract (5 g·L⁻¹), and NaCl (10 g·L⁻¹) (pH 7.0). On the 
following day, the cultures were refreshed by dilution with fresh 
LB medium and incubated in a shaking water bath (130 rpm) 
at 37°C until reaching the logarithmic growth phase (OD₆₀₀ 
= 0.2). Subsequently, in 96-well plates, 100 µl of bacterial 
or fungal cultures were mixed with 100 µl of appropriate 
concentrations of APAP and 4-MP. Control samples contained 
no chemicals. The plates were then incubated at 37°C for 24 
and 48 h. Nalidixic acid (NA), a quinolone antibiotic that 
acts by inhibiting bacterial DNA gyrase and disrupting DNA 
replication, was used as a genotoxic standard. The growth 
of bacterial and fungal cultures following treatment was 
assessed spectrophotometrically at 600 nm using a GloMax® 
microplate reader (Promega, MA, USA), and the results were 
expressed as a percentage of growth inhibition or stimulation 
relative to the control. All experiments were performed in at 
least three independent series, with six replicates per sample 
in each series.

Determination of Minimum Inhibitory Concentration 
(MIC)

MIC values for APAP and 4-MP were determined 
using E. coli ATCC-25922, E.  hormaechei ATCC-700323, 
Staphylococcus epidermidis ATCC-12228, Lacticaseibacillus 
rhamnosus ATCC-53103, and C. albicans ATCC-10231. 
Microorganisms were cultivated overnight in Müller-Hinton 
medium (MHM) at 37°C. The following day, cultures were 
refreshed with fresh MHM and incubated at 37°C until reaching 
the logarithmic growth phase (OD₆₀₀ = 0.2). Subsequently, a 
drop of each culture was placed on Müller-Hinton agar (MHA) 
containing appropriate concentrations of the drugs, ranging 
from 10 mg·mL⁻¹ to 0.01 µg·mL⁻¹. Control samples contained 
no chemicals. Plates were incubated at 37°C for 24 and 48 h, 
after which the presence or absence of microbial growth was 
recorded.

Genotoxicity Assay
To determine the genotoxic potency of both compounds, 

the E. coli RFM443 recA:luxCDABE biosensor strain, 
carrying a plasmid construct with a genotoxin-sensitive recA 
promoter fused to the luxCDABE reporter gene, was used. The 
strain was cultivated overnight in LB medium at 37°C. The 
following day, the culture was diluted with fresh LB medium 
and incubated at 37°C with shaking (130 rpm) until reaching 
the logarithmic growth phase (OD₆₀₀ = 0.2). Subsequently, 
100 µl of E. coli RFM443 recA:luxCDABE culture was 
mixed with 100 µl of appropriate concentrations of APAP and 
4-MP in white 96-well plates and incubated for 2 h at 37°C. 
Luminescence was measured at time 0 (immediately upon 
addition of the tested compounds) and after 2 h of incubation 
using a GloMax® microplate reader (Promega, MA, USA). 
The luminescence signal was normalized to the OD₆₀₀ value 
according to the formula: Lᴄ = L / OD₆₀₀, where Lᴄ is the 
corrected luminescence and L is the raw luminescence value. 
Results are expressed as a percentage of recA promoter activity 
relative to the control at time 0 (100%). All experiments were 

Marzena Matejczyk, Krzysztof Kurek, Andrzej Kaźmierczak, Piotr Ofman, Józefa Wiater, Ruslan Oblap, Paweł Kondzior...



	  	 29

performed in three independent series, with six replicates per 
sample in each series.

Determination of Intracellular ROS Levels
To confirm oxidative stress as a mechanism underlying 

the toxicity and genotoxicity of the tested compounds, 
intracellular ROS levels were determined in E. coli ATCC-
25922 cells using 2′,7′-dichlorofluorescein diacetate (DCFH-
DA) (Sigma-Aldrich, UK). Both compounds were tested at 
concentrations of 0.01, 0.1, 1, 10, and 100 mg·L⁻¹. E. coli was 
cultivated overnight in LB medium at 37°C, then refreshed 
with fresh LB medium and incubated at 37°C with shaking 
(130 rpm) until reaching the logarithmic growth phase (OD₆₀₀ 
= 0.2). Subsequently, 200 µl of a mixture of E. coli culture and 
appropriate concentrations of APAP and 4-MP were added to 
black 96-well plates. Control samples contained no chemicals; 
NA was used as a reference standard. DCFH-DA was added to 
a final concentration of 5 μM, and the plates were incubated 
at 37°C for 3 h. Thereafter, DCF fluorescence intensity was 
measured using a GloMax® microplate reader (Promega, 
MA, USA) at an excitation wavelength of 485 nm and an 
emission wavelength of 535 nm. Results were expressed as a 
percentage of ROS increase relative to the untreated control. 
All experiments were performed in three independent series, 
with six replicates per sample in each series.

Statistical Analysis
Prior to statistical analyses, the assumptions of normality 

and homogeneity of variance were verified. Data normality 
was assessed using the Shapiro–Wilk test, while homogeneity 

of variances was evaluated using Levene’s test. In cases where 
the assumption of homogeneity of variance was not met, 
the Brown–Forsythe test was applied. For growth inhibition 
experiments, one-way ANOVA was applied, followed by 
Tukey’s honestly significant difference (HSD) post hoc test. For 
recA promoter induction in E. coli RFM443 recA::luxCDABE 
and ROS synthesis, Student’s t-test for independent samples 
was applied. All statistical tests were two-tailed and evaluated 
at a significance level of α ≤ 0.05. Statistical calculations were 
performed using Statistica software, version 13.3.

Results
Antimicrobial Activity of APAP and 4-MP

At 100 mg·L⁻¹, both E. coli and C. albicans showed growth 
inhibition exceeding 70% after 24 and 48 h of incubation (Fig. 
2). At APAP concentrations of 0.01–10 mg·L⁻¹, slight growth 
inhibition was detected after 24 h, reaching a maximum of 8% 
in C. albicans at 10 mg·L⁻¹. In E. coli, APAP at concentrations 
of 0.01–10 mg·L⁻¹ stimulated growth after 48 h, reaching over 
12% at 10 mg·L⁻¹. At 10 mg·L⁻¹, 4-MP inhibited the growth 
of both strains by over 16% after 24 and 48 h, with stronger 
inhibition observed in E. coli after 24 h compared to APAP. 

Minimum Inhibitory Concentration (MIC) Values for 
APAP and 4-MP

The MIC analysis revealed comparable antimicrobial 
activity of acetaminophen and 4-methoxyphenol against the 
tested bacterial strains and C. albicans. An exception was 
observed for L. rhamnosus, against which acetaminophen 
demonstrated greater growth inhibition (MIC = 5 mg·mL⁻¹) 

Fig. 2. Percentage inhibition of E. coli and C. albicans culture growth after 24 h and 48 h exposure to acetaminophen, 
4-methoxyphenol, and nalidixic acid at concentrations of 0.01, 0.1, 1, 10, and 100 mg•L-1 compared to the control (100%).  

Note: a – statistically significant differences at p ≤ 0.05. Data are presented as mean ± SD; error bars indicate  
the SD of three independent replicates (n = 3).
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than 4-MP (MIC = 10 mg·mL⁻¹). Comparison of the MIC 
values with those of the positive control, kanamycin, indicated 
that the antimicrobial efficacy of the classic antibiotic exceeded 
that of acetaminophen and 4-MP by more than an order of 
magnitude (Table 1).

Genotoxic effect of APAP and 4-MP
Genotoxic activity after 2 h of exposure indicated that 

APAP elevated E. coli RFM443 recA:luxCDABE expression 
more than 4-MP, with differences of approximately 20% at 1 
and 10 mg·L⁻¹ and over 10% at 100 mg·L⁻¹ (Fig. 3). NA at 1 
mg·L⁻¹ elicited the highest level of induction among the tested 
compounds, exceeding 150% relative to the control. 

Intracellular ROS Levels
At concentrations of 0.1, 1, 10, and 100 mg·L⁻¹, APAP 

increased ROS levels in E. coli cells by 13%, more than 
10%, 14%, and more than 18%, respectively, compared to the 
corresponding ROS levels induced by 4-MP. The strongest 

ROS induction was observed in cultures treated with NA at 
1, 10, and 100 mg·L⁻¹, reaching over 120%, over 150%, and 
approximately 200% of the control, respectively (Fig. 4).

Discussion
Paracetamol (APAP, acetaminophen) is one of the most 

frequently detected pharmaceutical contaminants in water and 
soil environments, where it undergoes biodegradation, resulting 
in the formation of its metabolites, including 4-methoxyphenol 
(4-MP). Both APAP and its metabolite have adverse effects on 
living organisms and bioaccumulate in their cells (bacteria, 
fungi, and unicellular algae) and tissues (plants and animals), 
thereby disrupting the proper functioning of ecosystems. This 
study compares the biological activity of paracetamol and its 
transformation product, 4-MP. Drug metabolites often exhibit 
higher mobility, distinct toxicities, and greater persistence than 
their parent compounds; therefore, studying their activity is 
very important for determining environmental safety.

In this experiment, a comparative analysis of the 
antimicrobial activity of APAP, 4-MP and nalidixic acid (NA, 

Chemicals E. coli (Gram−) E. hormaechei 
(Gram−)

S. epidermidis 
(Gram+)

L. rhamnosus 
(Gram−) C. albicans 

Acetaminophen 5 5 10 5 10
4-methoxyphenol 5 5 10 10 10

Kanamycin 0.1 <0.1 0.1 <0.1 0.2

Fig. 3. Activity of E. coli RFM443 recA::luxCDABE after 2 h exposure to acetaminophen, 4-methoxyphenol, and nalidixic acid at 
concentrations of 0.01–100 mg•L¹, relative to the control (100%). Statistically significant differences (p ≤ 0.05): (a) acetaminophen 
vs. 4-methoxyphenol; (b) 4-methoxyphenol vs. nalidixic acid; (c) nalidixic acid vs. acetaminophen. Data are presented as mean ± 

SD (n = 3); error bars indicate SD

Table 1: MIC values (mg•mL¹) of APAP, 4-MP, and kanamycin (control) against microorganisms after 24 and 48 h of incubation.
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used as a positive control) revealed the sensitivity of both E. 
coli and C. albicans strains to paracetamol and 4-MP, with the 
highest toxic effect observed at a concentration of 100 mg L⁻¹ 
after  24 h and 48 h. 4-MP applied at a lower concentration of 
10 mg L⁻¹ exerted a stronger inhibitory effect on both E. coli 
and C. albicans strains compared to APAP, indicating  broader 
and more potent biological activity of the transformation 
product relative to APAP. For all three compounds, i.e., APAP, 
4-MP, and nalidixic acid (NA, used as a positive control), 
a concentration-dependent inhibition of microbial growth 
was observed, whereby increasing concentrations of each 
compound consistently and predictably suppressed microbial 
viability, regardless of exposure duration. Furthermore, varying 
sensitivities to acetaminophen, APAP, and NA were observed 
in the two microorganisms studied, E. coli and C. albicans. 
This is likely due to differences in the chemical structures 
and activities of the compounds tested, as well as structural 
differences between the cells: E. coli is a bacterium, whereas C. 
albicans is a eukaryotic fungal cell. MIC tests were performed 
to determine the sensitivity of a larger group of microorganisms 
(E. coli, E. hormaechei, S. epidermidis, L. rhamnosus, and C. 
albicans) to the chemical compounds under investigation. The 
results showed that the sensitivity of the tested microorganisms 
to APAP and 4-MP is species-dependent and dose-dependent. 
We demonstrated that as the concentration of APAP and 4-MP 
increases, a bactericidal effect occurs in a greater number of 
the tested microorganisms. These results are consistent with 
those reported by previous authors (Torequl et al. 2025), who 
demonstrated that paracetamol and its derivatives exhibit 
antimicrobial activity against Gram-positive and Gram-
negative bacteria, fungi, and drug-resistant strains. Moreover, 

antiviral and antiprotozoal activity has been reported for this 
compound. Toxicological profiling of acetaminophen has 
revealed that this drug has the potential to damage organs, 
particularly the liver and lungs, via a mechanism involving 
oxidative stress.

Using the genotoxicity-sensitive recA promoter assay in E. 
coli, we demonstrated that paracetamol, 4-MP, and NA, tested 
individually, exhibited genotoxic effects. Among the chemical 
compounds tested (except at a concentration 100 mg L⁻¹), the 
strongest genotoxic response was detected for NA, a known 
genotoxicity standard. Comparative analysis of the genotoxic 
potential of APAP and 4-MP revealed a stronger genotoxic 
effect for the parent drug relative to 4-MP. Within the range 
of APAP, 4-MP, and NA concentrations tested, a positive cor-
relation was observed between the measured ROS concentra-
tion and the level of genotoxicity of the compounds in E. coli.  
ROS generation and oxidative stress represent the primary 
molecular mechanism underlying the toxicity and genotoxicity 
of test compounds, as confirmed by earlier studies (Żur et al.  
2018; Kirkland et al.  2021; Jaeschke et al.  2021; Torequl et 
al.  2025). ROS and oxidative stress lead to DNA damage and  
genotoxic effects. The strongest genotoxic effect and induc-
tion of ROS synthesis were detected for APAP. These findings 
demonstrate a robust and consistent concentration-dependent 
induction of oxidative stress, indicating that ROS overproduc-
tion constitutes a central and reproducible mechanism of cel-
lular damage for both the parent drug and its metabolite across 
the tested concentration range (0.01–100 mg L⁻¹).

Analysis of the relationship between test compound 
concentration and recA::luxCDABE promoter activity in E. 
coli (genotoxicity assay) provided additional insight into the 

Fig. 4. ROS levels (%) in E. coli after 3 h exposure to acetaminophen (APAP), 4-methoxyphenol (4-MP), and nalidixic acid (NA) at 
concentrations of 0.01–100 mg•L¹, relative to the untreated control (100%). Statistically significant differences (p ≤ 0.05):  
(a) APAP vs. 4-MP; (b) 4-MP vs. NA; (c) NA vs. APAP. Data are presented as mean ± SD (n = 3); error bars indicate SD.
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nature of these genotoxic responses. The result for APAP was 
negligible, suggesting the absence of a concentration-dependent 
genotoxic response, which may reflect the cytotoxicity-masking 
effect at higher concentrations, as proposed by Kirkland et 
al. (2021). A statistically non-significant positive result was 
observed for 4-MP indicating a lack of a relationship between 
concentration and DNA damage induction. In contrast, NA 
also displayed statistically non-significant results, which may 
reflect the complex and non-dynamic nature  of genotoxic 
responses at higher concentrations, potentially attributable 
to cytotoxic interference. Taken together, these data suggest 
that while oxidative stress induction follows a concentration-
response pattern for all compounds, genotoxic effects, as 
measured by recA promoter activation, exhibit more complex, 
compound-specific relationships with concentration. 

In the period between 2019 and 2025, an increasing 
number of studies have addressed the possible carcinogenic 
effects of paracetamol. In 2019, the California Office of 
Environmental Health Hazard Assessment (OEHHA) initiated 
an investigation into the potential carcinogenic risk associated 
with paracetamol use. In 2021, an independent research group 
led by Jaeschke et al. published findings demonstrating that, 
at recommended therapeutic doses, only small amounts of 
the paracetamol metabolite N-acetyl-p-benzoquinone imine 
(NAPQI) are formed in the human body and that such quantities 
are unlikely to exert harmful effects under normal conditions. 
It is only in cases of acetaminophen overdose that substantially 
higher levels of NAPQI are produced and glutathione is 
depleted, potentially resulting in mitochondrial dysfunction 
and DNA damage, although exclusively at doses that induce 
cell death (Jaeschke et al.  2021; Torequl et al.  2025). Kirkland 
et al. (2021), however, argue that the cytotoxic effects of this 
drug manifest prior to the induction of permanent genetic 
damage, suggesting that the genotoxic and carcinogenic risk 
under therapeutic conditions remains limited. More conclusive 
evidence of toxicity and genotoxicity has emerged for the 
metabolite 4-MP. Based on the current state of knowledge, 
methoxyphenols are recognized as genotoxins and mutagens 
capable of inhibiting the synthesis of nucleic acids and proteins 
(Saeed et al.  2024). The results obtained in the present study, 
confirming the genotoxic nature of 4-MP, are consistent with 
previously published findings.

Conclusions
1.	 The results of the conducted studies demonstrated that 

both compounds – the parent drug, paracetamol, and its 
transformation product, 4-MP, exhibit toxic and genotoxic 
properties in Escherichia coli bioassays. 

2.	 The results obtained support the hypothesis that 4-MP, as a 
transformation product of APAP, exhibits toxic and geno-
toxic activity and generates oxidative stress in E. coli cells 
similarly to the parent drug.

3.	 The diverse chemical structures of the tested compounds 
- APAP, 4-MP, and the standard (NA) - affected their activ-
ity against the tested E. coli strains. The analysis of ROS 
level detected oxidative stress, which is likely one of the 
main mechanisms underlying the toxicity and genotoxicity 
of APAP and 4-MP. The relationship between ROS synthe-
sis, as an indicator of oxidative stress, and the genotoxic 
effect is most clearly observed at a concentration of 10 mg 

L⁻¹ for the tested chemical compounds APAP, 4-MP, and 
NA. 

4.	 There is an environmental risk that paracetamol and 4-MP, 
because of their toxic and genotoxic activities, may disrupt 
the quantitative and qualitative composition of soil and ac-
tivated sludge microbiota, leading to impairment of their 
biological functions.  

5.	 Another possible situation in the environment is that drugs 
and their transformation products present in environmen-
tal matrices may interact in various ways with other micro-
pollutants (pesticides, pharmaceutical residues), forming 
complexes of unknown and unpredictable biological activ-
ity, which may negatively affect the proper functioning of 
ecosystems and pose a threat to living organisms.
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Porównanie toksyczności acetaminofenu i 4-metoksyfenolu

Streszczenie: Acetaminofen (APAP, paracetamol) jest jednym z najczęściej stosowanych leków przeznaczonych dla 
ludzi, a jednocześnie jest jednym z najczęściej wykrywanych mikrozanieczyszczeń farmaceutycznych w matrycach 
środowiskowych. 4-MP jest jednym z produktów transformacji acetaminophenolu powstającym w określonych ścieżkach 
degradacji środowiskowej. Porównanie toksyczności tych związków ma kluczowe znaczenie dla ochrony środowiska 
i zdrowia publicznego. W niniejszym badaniu toksyczność APAP i 4-MP oceniono przy użyciu dwóch modelowych 
mikroorganizmów, E. coli ATCC-25922 i C. albicans ATCC-1023, w oparciu o hamowanie wzrostu hodowli. Wrażliwość 
mikroorganizmów należących do mikrobiomu człowieka (E. coli, E. hormaechei, S. epidermidis, L. rhamnosus i C. 
albicans) na oba związki określono poprzez obliczenie minimalnych stężeń hamujących (MIC). Genotoksyczność 
oszacowano przy użyciu wrażliwego na genotoksyny promotora recA w E. coli RFM443 recA::luxCDABE. Wytwarzanie 
reaktywnych form tlenu (ROS) zmierzono w E. coli poddanej działaniu obu związków w stężeniach 0,1, 1, 10, 100 i 1000 
mg·L⁻¹, jako wskaźnika stresu oksydacyjnego. Analiza porównawcza wykazała podobną wrażliwość E. coli i C. albicans 
na oba związki w stężeniu 100 mg·L⁻¹, chociaż w stężeniu 10 mg·L⁻¹ 4-MP wywierał silniejsze działanie hamujące na 
oba szczepy niż APAP. W testach MIC wykryto, że szczepy E. coli i E. hormaechei były bardziej wrażliwe na 4-MP niż 
na APAP, natomiast w przypadku pozostałych szczepów nie zaobserwowano istotnych różnic. APAP wykazał silniejsze 
działanie genotoksyczne niż 4-MP w komórkach E. coli. Dane dotyczące ROS wskazują, że stres oksydacyjny jest 
głównym mechanizmem molekularnym leżącym u podstaw toksyczności i genotoksyczności obu związków. Biorąc pod 
uwagę uzyskane wyniki przyszłe badania powinny dotyczyć toksyczności mieszanin APAP i 4-MP w warunkach narażenia 
odpowiadających warunkom środowiskowym.

Comparative study of acetaminophen and 4-methoxyphenol toxicity
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Abstract: A key challenge in hydrogen-rich fuel gas production via biomass pyrolysis gas coupling is catalyst 
hydrothermal deactivation. In this study, hydrophobic F-Ti3C2 MXene nanosheets are prepared by a combination 
of HF-HCl etching and perfluorooctanesulfonic acid (PFOS) modification. Using the nanosheets as the support, 
CeO2 promoters and Ni-Co alloy active components are loaded via impregnation, nitrogen calcination and hydrogen 
reduction processes. Finally, a catalyst with high activity and high hydrophobicity is successfully prepared. The 
performance of the catalyst is tested in a fixed-bed reactor. The effects of total NiCo loading, Ni/Co molar ratio, and 
Ce loading on CO/CH4 conversion and H2 selectivity are systematically investigated. The catalyst is characterized 
by X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and 
contact angle measurements, and the mechanisms of underlying its activity and hydrophobicity enhancement are 

© 2026. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-
ShareAlike 4.0 International Public License (CC BY SA 4.0, https:// creativecommons.org/licenses/by-sa/4.0/legalcode), 
which permits use, distribution, and reproduction in any medium, provided that the article is properly cited.

Introduction
Driven by the dual goals of carbon peaking and carbon 

neutrality, as well as energy structure transformation, the 
high-efficiency resource utilization of renewable energy 
has become a global research hotspot (Gyimah et al. 2024). 
Biomass is a renewable carbon source that can be converted 
into solid, liquid and gaseous fuels. It has abundant reserves 
and remarkable carbon-neutrality characteristics. Its pyrolysis 
conversion technology is one of the important approaches to 
addressing fossil energy shortage and environmental problems 
(Wang et al. 2024). Therefore, developing efficient biomass 
pyrolysis gas conversion technologies is of great practical 
significance. It can upgrade biomass pyrolysis gas into high-
value-added clean energy, thereby optimizing the energy 
structure and protecting ecological environment. The pyrolysis 
gas produced by biomass is mainly composed of CH4, CO, 
CO2, C2/C3 hydrocarbons, and H2O. It has extremely high 
conversion potential. Hydrogen-rich fuel gas can be prepared 
through the coupled reforming of biomass pyrolysis gas. The 
key to this technology is the synergistic occurrence of multiple 

reactions. These reactions include CH4 reforming, CO water-
gas shift reaction, and C2/C3 hydrocarbon cracking. They can 
achieve efficient enrichment of hydrogen (Wang et al. 2024). 
However, water is involved in the hydrogen production 
process from biomass pyrolysis gas, causing problems such 
as sintering of catalyst active components and hindrance of 
mass transfer (Guo et al. 2025). Thus, developing catalysts 
with both high activity and strong hydrophobicity is one of the 
keys to  realizing the industrialization of hydrogen-rich fuel 
gas production via biomass pyrolysis gas coupling.

Chen et al. (2023) prepared a hydrophobic Fe2O3@
SiO2-xHDTMS catalyst via a room-temperature solid-phase 
method for light hydrocarbon synthesis. The hydrophobic 
long-chain alkyl groups of HDTMS can graft onto the SiO2 
surface, replacing polar hydroxyl groups. This treatment 
increased the maximum contact angle of the catalyst to 
155.2°, achieving superhydrophobicity. Khojasteh et al. 
(2024) modified SiO2 with perfluorooctyltriethoxysilane 
(PFOS) to prepare a superhydrophobic glass coating. PFOS 
provides low surface energy groups and increases surface 



	  	 35

roughness. The water contact angle of the coating reached 
144°. Ma et al. (2024) etched Cu/ZnO/Al2O3 with NaOH, 
and then prepared superhydrophobic catalysts via MTMS 
modification and PFOTES grafting, respectively, for syngas-to-
methanol conversion. PFOTES exhibited better hydrophobic 
performance than MTMS. The contact angles of both catalysts 
exceeded 150°. These catalysts can rapidly remove surface 
water molecules and improve the hydrothermal stability of 
the catalysts. Bootpakdeetam et al. (2024) loaded cobalt and 
ruthenium onto a SiO2 support. After calcination, the supported 
catalyst was treated with a PFOS-toluene solution to prepare 
a superhydrophobic Co-Ru/SiO2 catalyst for Fischer-Tropsch 
synthesis. PFOS grafted onto the support surface via siloxane 
bonds. The catalyst showed a contact angle of over 150° 
and a sliding angle of less than 5°. It effectively repelled 
water generated during the reaction, thereby avoiding cobalt 
oxidation and deactivation. The CO conversion rate increased 
to 38%. Benkacher et al. (2025) modified Algerian palygorskite 
(A-Pal) with triethoxyoctylsilane (TEOS) to prepare a 
hydrophobic O-Pal material. Silane molecules replaced 
hydroxyl groups and introduced hydrophobic octyl groups. 
This effectively improved the dispersion and compatibility of 
the material in hydrophobic biopolymers. In summary, silane-
based hydrophobic groups such as HDTMS, PFOS, MTMS, 
and TEOS can endow modified catalysts with excellent water 
resistance.

The support is a key factor governing catalyst stability 
and, in the present context, also provides the platform for  
hydrophobic-group grafting. Therefore, it directly determines 
the stability of the catalyst in the complex pyrolysis gas 
atmosphere. Conventional supports,  including Al2O3, SiO2, 
and ZrO2, have been widely employed; however, each exhibits 
inherent limitations. γ-Al2O3 possesses strong hydrophilicity 
and a relatively limited specific surface area, whereas  SiO2 
provides a high specific surface area but suffers from 
relatively poor mechanical strength and insufficient stability. 
ZrO2 exhibits good thermal stability, but its relatively simple  
pore structure can restrict mass transfer. All these supports 
have certain defects. Two-dimensional nanomaterials can 
serve as ideal materials for catalyst preparation. They have 
the advantages of ultra-large specific surface area, abundant 
pore structures, and adjustable surface properties. Two-
dimensional MoS2 loaded with Ni has a specific surface area 
of up to 680 m2/g. Meanwhile, hydrophobic groups such as 
fluoro and alkyl groups can be grafted onto the MoS2 surface. 
This improves water resistance. Moreover, the interlayer 
structure can inhibit carbon deposition and agglomeration 
(Wei et al. 2019). Two-dimensional Ti3C2 MXene constructs 
a porous structure through etching modification. Ti3C2 loaded 
with Ni-Ce has high conductivity. It can promote electron 
transfer and enhance catalytic activity. Meanwhile, its surface 
-OH and -F functional groups enable hydrophobic group 
grafting. In addition, the layered structure can enhance the 
stability of active components. It has great advantages in the 
application of hydrogen production from biomass pyrolysis 
gas (Reghunath et al. 2023). Therefore, two-dimensional 
nanomaterials not only have high-efficiency active component 
dispersion capacity and structural stability, But they can also 
meet modification requirements such as hydrophobic group 
grafting and active component/promoter loading. High activity 

and strong hydrophobicity of the catalyst are achieved through 
multi-performance synergy.

Aiming at the drawbacks of existing hydrophobically 
modified catalysts, most of which are based on traditional 
supports such as silica and palygorskite, and adopt single-
component metal active sites, these catalysts are prone to 
sintering of active components and failure of hydrophobic 
layers under high-temperature water vapor environments. 
Meanwhile, conventional supports, including Al2O3, SiO2, and 
ZrO2 have inherent deficiencies such as strong hydrophilicity, 
single pore structures, and poor metal dispersion. In this work, 
two-dimensional Ti3C2 MXene nanosheets are used as the 
support to construct a novel fluorinated hydrophobic NiCo-
CeO2/F-Ti3C2 catalyst for coupled hydrogen production from 
biomass pyrolysis gas. Compared with the reported silane-
modified hydrophobic catalytic systems, this work has three 
prominent innovations and differentiated advantages. 

First, layered F-Ti3C2 supports are fabricated via HF-HCl 
co-etching combined with PFOTS perfluorosilane fluorination 
modification. The two-dimensional layered MXene skeleton 
provides abundant anchoring sites for metal species, while 
covalently grafted perfluoroalkyl chains construct a stable 
hydrophobic interface with low surface energy, fundamentally 
inhibiting hydrothermal poisoning caused by water vapor 
adsorption. Second, CeO2 promoters and Ni-Co bimetallic alloy 
active centers are simultaneously loaded on the hydrophobic 
support. Different from the existing single-Ni or single-Co 
catalytic systems, the synergistic effect of the bimetallic alloy 
and the reversible Ce3+/Ce4+ redox cycle of cerium-based oxides 
synergistically enhance the activities of CH4 reforming, the 
water-gas shift reaction, and light hydrocarbon cracking. Third, 
hydrophobic interface regulation, bimetallic alloy catalysis, 
and rare-earth promoter modification are integrated into one 
system. Relying on the highly conductive layered structure of 
MXene to accelerate interfacial electron transfer, the catalyst 
achieves high CO and CH4 conversion rates as well as high 
H₂ selectivity, and greatly improves the hydrothermal stability 
of the catalyst at high temperature. This study provides a new 
strategy for designing anti-deactivation catalysts for efficient 
hydrogen production from biomass pyrolysis gas.

Experimental section
Experimental reagents

Ti3AlC2 powder (purity ≥ 98%, particle size 400 mesh) 
and perfluorooctyltriethoxysilane (PFOTS, purity ≥ 97%) 
were purchased from Aladdin Reagent Co., Ltd. Hydrogen 
fluoride (HF, mass fraction 40%), hydrochloric acid (HCl, 
mass fraction 37%), cerium nitrate (Ce(NO3)3·6H2O, purity 
≥ 99%), nickel nitrate (Ni(NO3)2·6H2O, purity ≥ 99%), cobalt 
nitrate (Co(NO3)2·6H2O, purity ≥ 99%), and absolute ethanol 
(C2H5OH, purity ≥ 99.7%) were purchased from Sinopharm 
Chemical Reagent Co., Ltd.

The power density and rated power parameters of all 
experimental testing equipment are listed in Section 2.3.

Preparation of catalysts
Preparation of Ti3C2 MXene two-dimensional nanosheet 
support

A total of 100 mL of 10 mol/L HF solution is taken and 
slowly added to a polytetrafluoroethylene beaker containing 5 
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g of Ti3AlC2 powder. The mixture is stirred at room temperature 
for 24 h to etch and remove the Al layer in Ti3AlC2. Then, 50 
mL of 8 mol/L HCl solution is added, and stirring is continued 
for 6 h to enhance the etching effect. A crude Ti3C2 MXene 
product is obtained. The crude product is centrifuged and 
washed with deionized water. The washing process is repeated 
until the pH value of the supernatant reaches 6-7. The washed 
precipitate is dried in a vacuum oven at 60 °C for 12 h. The 
resulting  Ti3C2 MXene two-dimensional nanosheet support is 
obtained and denoted as Ti3C2.

Preparation of fluoro-group modified Ti3C2 MXene support
A total of 2 g of Ti3C2 MXene two-dimensional nanosheets 

is weighed and dispersed in 50 mL of absolute ethanol. The 
mixture is ultrasonically dispersed for 30 min to form a 
uniform suspension. Then, 0.4 g of PFOTS is added, and the 
mixture is stirred at room temperature for 6 h for hydrophobic 
group grafting. The product is vacuum-dried at 120 °C for 8 h. 
The fluoro-group-modified Ti3C2 MXene support is obtained 
and denoted as F-Ti3C2.

Preparation of CeO2/F-Ti3C2 support
The corresponding mass of cerium nitrate is calculated and 

weighed according to the designed Ce loading. A homogeneous 
cerium nitrate solution is prepared. A total of 2.0 g of F-Ti3C2 
support is weighed and placed in a beaker. The cerium nitrate 
solution is slowly added dropwise onto the F-Ti3C2 support. 
The mixture is stirred at room temperature for 4 h. The mixture 
is then vacuum-dried at 120 °C for 12 h. The dried sample is 
transferred into a muffle furnace and  calcined at 290 °C for 
2 h under nitrogen atmosphere. The calcination is performed 
to ensure the complete decomposition of cerium nitrate into 
CeO2. The CeO2/F-Ti3C2 support is obtained.

Preparation of NiCo-CeO2/F-Ti3C2 catalyst
The corresponding masses of nickel nitrate and cobalt 

nitrate are calculated and weighed according to the total NiCo 
loading and molar ratio. A homogeneous solution is prepared 
with the weighed nickel nitrate and cobalt nitrate. CeO2/F-
Ti3C2 support is weighed. The prepared solution is slowly 
added dropwise onto the CeO2/F-Ti3C2 support. The mixture 
is stirred at room temperature for 6 h. The mixture is then 
vacuum-dried at 120 °C for 12 h. The dried sample is placed 
into a muffle furnace and calcined at 260 °C for 1.5 h under 
nitrogen atmosphere. After calcination, the sample is reduced 
at 290 °C for 2 h under hydrogen atmosphere. The NiCo-CeO2/
F-Ti3C2 catalyst is obtained.

Activity evaluation of catalysts
Figure 1 shows the process flow diagram of catalyst 

activity evaluation. The fixed-bed reactor is a quartz tube 
with  and inner diameter 10 mm and a length of 500 mm. The 
programmed heating furnace is equipped with a heating tube 
with a rated power density of 12 W/cm2, a maximum heating 
power of 1.8 kW, and a temperature control accuracy is ±1°C. 
The gas chromatograph is equipped with a thermal conductivity 
detector (TCD) and a flame ionization detector (FID), with a 
rated power of 60 W and 120 W, respectively, ensuring stable 
and continuous online detection of gas components. The 
gas chromatograph is equipped with a thermal conductivity 
detector (TCD) and a flame ionization detector (FID), 
and The gas products are analyzed using a GC-2014c gas 
chromatograph, and the detailed testing conditions are listed 
in the table 1. It can simultaneously detect components such 
as H2, CO, CO2, CH4 and C2/C3 hydrocarbons. A total of 0.5 
g of catalyst (40-60 mesh) is weighed and  uniformly loaded 
in the middle part of the quartz tube of the fixed-bed reactor. 
The upper and lower ends of the catalyst are filled with quartz 
wool to  prevent catalyst particles from being blown away by 
the gas flow. The nitrogen cylinder is opened, and the flow rate 
is adjusted to 50 mL·min-1. The reactor is purged for 30 min 
to remove air inside the reactor. Then, the temperature of the 
reactor is raised to 600 °C. The nitrogen cylinder is closed, and 
the simulated biomass pyrolysis gas cylinder is opened. The 
flow rate is adjusted to 25 mL·min-1. The pyrolysis gas contacts 
the catalyst for the coupling hydrogen production reaction. The 
product components are determined by gas chromatography.

Calculation of evaluation indexes
CH4 conversion rate, CO conversion rate, and H2 yield are 

used as the indexes for evaluating catalyst performance. The 
calculation formulas are as follows:
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Catalyst characterization tests
(1) X-ray diffraction (XRD) test: XRD is used to analyze the 

phase composition, existing forms of metals, and crystallinity. 
Cu target Kα radiation is adopted. The tube voltage is set at 40 
kV, and the tube current is set at 40 mA. The scanning range is 
2θ= 5°-80°. The scanning rate is 5°·min-1. The step size is 0.02°. 

Detector TCD FID

Chromatographic column Chromosorb 101, 3 m×1/8 inch 
stainless steel packed column

Porapak Q, 3 m×1/8 inch 
stainless steel packed column

Gasification chamber temperature (ºC) 360 360
Column box temperature (ºC) 80 80

Detector temperature (ºC) 100 150

Determination of gases CO2, H2, CO  CH4, C2/C3

Table 1: Operating conditions of GC
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(2) Scanning electron microscopy (SEM) test: SEM is 
used to observe the microscopic morphology. The accelerating 
voltage is 10 kV, and the magnification is 5000-50000 times. 
The secondary electron imaging mode is employed. The 
samples are subjected to gold-spraying treatment before the 
test. The gold-spraying thickness is 5-10 nm. 

(3) X-ray photoelectron spectroscopy (XPS) test: XPS is 
used to analyze the surface chemical composition and element 
valence states. Al target Kα radiation (hν=1486.6 eV) is used. 
The vacuum degree is ≤ 1×10-9 Pa. The binding energy is 
calibrated using C 1s (284.8 eV). The full-spectrum scanning 
range is 0-1200 eV. The high-resolution scanning range is 
adjusted according to target elements.

(4) Contact angle test: The contact angle test is used to 
evaluate the hydrophobicity. The sessile drop method is 
adopted. The test temperature is 25 °C, and the humidity is 
50%. The volume of deionized water droplets is 5 μL. Each 
sample is tested 3 times, and the average value is taken as the 
final contact angle.

Results and discussion
Characterization analysis of Ti3C2 and F‑Ti3C2 
supports
XRD analysis

Figure 2 shows the XRD patterns of Ti3AlC2, Ti3C2, and 
F-Ti3C2. The pristine Ti3AlC2 phase exhibits strong diffraction 
peaks at 2θ=9.5°, 19.0°, and 39°. These peaks correspond to 
its (002), (004), and (104) crystal planes, respectively. The 
Ti-C layers and Al layers in Ti3AlC2 stack alternately. This is a 
typical characteristic of the MAX phase (Guénolé et al. 2022). 
For the Ti3C2 two-dimensional nanosheets obtained by HF-
HCl etching, the strong peaks of the original Ti3AlC2 basically 
disappear. A distinct characteristic peak of Ti3C2 appears near 
2θ=6.5°. This indicates that the Al atomic layer is effectively 
stripped and the structure of Ti3AlC2 is disassembled. 10. Two-
dimensional sheet-dispersed Ti3C2 is successfully obtained. The 
diffraction peaks of fluorine-modified F-Ti3C2 shift to lower 
angles at small 2θ values, and the peak heights also decrease. 
According to  the Bragg equation (2dsinθ=nλ), this indicates 
that the interlayer spacing d increases (Guan et al. 2020). This 
suggests that fluorine groups intercalate between the layers 
and widen the interlayer distance. The decrease in peak height 
reflects a reduction in the crystal domain size of Ti3C2 and a 
slight decrease in layered order. These two phenomena together 
confirm the successful fluoro-group modification.

SEM analysis
Figure 3 shows the SEM images of Ti3AlC2, Ti3C2, and 

F-Ti3C2. Figure 3(a) corresponds to Ti3AlC2 powder. It 
presents a bulk aggregation morphology, with fine particles 
attached to its surface. It is a typical dense bulk structure of 
the MAX phase. Figure 3(b) corresponds to Ti3C2 MXene two-
dimensional nanosheets obtained by HF-HCl etching. Clear 
and uniformly dispersed two-dimensional layered structures 
are observed, with gaps between the layers. Meanwhile, the 
surface of the nanosheets is relatively smooth without obvious 
impurities. This indicates that the etching process is relatively 
complete and that the two-dimensional layered structure is 
successfully exfoliated (Hasan et al. 2025). Figure 3(c) shows 
F-Ti3C2 obtained by PFOTS modification. It still maintains 
a complete two-dimensional layered structure, with only a 
slightly rough surface. This is attributed to the hydrophobic 
film formed by PFOTS grafting via siloxane bonds. The film 
has no obvious particles and uniformly covers the surface. 
The comparison shows that HF-HCl etching of Ti3AlC2 
can successfully obtain a layered structure with clear two-
dimensional morphology. Subsequent PFOTS modification 
can uniformly form a hydrophobic film while maintaining its 
two-dimensional layered structure (Zhou et al. 2022).

XPS analysis
Figure 4 shows the XPS spectra of Ti3C2 and F-Ti3C2. 

Characteristic peaks of F 1s, O 1s, C 1s, and Ti 2p are observed 
in the survey spectrum of pristine Ti3C2 in Figure 4(a). This 
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confirms the formation of typical MXene surface functional 
groups such as Ti-F and Ti-O/Ti-OH on Ti₃C2 after HF-
HCl etching. It provides direct evidence that the Al layer is 
effectively etched. Characteristic peaks of Ti2+ (Ti-C, 454.8 
eV/460.5 eV), Ti3+ (Ti-O/Ti-X, 456.2 eV/462.0 eV), and Ti4+ 
(TiO2, 458.6 eV/464.3 eV) are obtained by peak fitting of the 
high-resolution Ti 2p spectrum in Figure 4(b). The appearance 
of the Ti4+ peak is attributed to slight oxidation on the Ti₃C2 
surface. The fitted peak of the Ti-X (X=F/O) bond reflects the 
diversity of surface functional groups after etching(Li et al. 
2020). The C 1s spectrum in Figure 4(c) can be deconvoluted 
into C-C (284.8 eV), C-O (286.0 eV), and Ti-C (281.6 eV) 
peaks. As the characteristic skeleton bond of Ti₃C2, the Ti-C 
bond shows a sharp peak and a significant proportion. This 
indicates that the layered structure of MXene is not destroyed 
(Zeng et al. 2024). The O 1s spectrum in Figure 4(d) is further 
fitted into Ti-O-Ti (529.8 eV), Ti-OH (531.2 eV), and surface-

adsorbed oxygen (532.5 eV) peaks. It shows that the surface of 
pristine Ti3C2 is dominated by hydrophilic functional groups 
such as hydroxyl and oxy groups as active sites (Huang et al. 
2020). 

Figure 4(e) shows the survey spectrum of F-Ti3C2 
after PFOTS modification. The intensity of the F 1s peak is 
significantly enhanced compared with that of pristine Ti3C2. A 
characteristic Si-O peak appears in the O 1s spectrum. This 
provides evidence that PFOTS molecules are successfully 
grafted onto the surface of Ti3C2. Two characteristic peaks 
of C-F (688.0 eV) and C-Ti-FX (685.5 eV) are fitted from 
the high-resolution F 1s spectrum in Figure 4(k). The C-F 
bond is the typical bonding form of perfluoroalkyl groups in 
PFOTS molecules. The C-Ti-FX peak indicates that PFOTS 
forms chemical bonding with Ti sites on the Ti3C2 surface, 
which supports the formation of chemical bonding rather than 
simple physical adsorption. New characteristic peaks of -CF2- 
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Fig. 3. SEM of Ti3AlC2, Ti3C2 and F-Ti3C2

Fig. 4. XPS spectra of Ti3C2 and F-Ti3C2: (a)-(d) correspond to the survey spectrum and high-resolution spectra of Ti, C and O for 
Ti3C2; (e)-(k) correspond to the survey spectrum and high-resolution spectra of Ti, C, O and F for PFOTS-modified F-Ti3C2.
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(291.0 eV) and -CF3 (293.5 eV) appear in the C 1s spectrum 
deconvolution in Figure 4(g). These are characteristic carbon 
peaks of the perfluorooctyl chain in PFOTS. Meanwhile, the 
appearance of CHX/CO (285.5 eV) and COO (288.0 eV) peaks 
corresponds to the alkyl and ester groups in PFOTS molecules. 
The retention of the Ti-C (281.6 eV) peak indicates that the main 
framework of Ti₃C2 is not destroyed. The Si-O (532.0 eV) peak 
becomes the main peak in the O 1s spectrum deconvolution 
in Figure 4(h). It replaces the dominant position of Ti-OH in 
pristine Ti3C2. This indicates that PFOTS is covalently bonded 
to the hydroxyl groups on the Ti₃C2 surface through a Si-O-Ti 
condensation reaction. The grafting of hydrophobic functional 
groups is thus achieved. The proportion of Ti4+ in the Ti 2p 
spectrum deconvolution of F-Ti3C2 in Figure 4(f) increases 
slightly. This is speculated to be caused by slight oxidation on 
the surface. However, the strong signal of the Ti–C main peak 
still indicates the structural integrity of MXene.

In summary, the XPS characterization results show that 
PFOTS modification introduces hydrophobic functional groups 
onto the Ti3C2 surface via Si–O–Ti bonds without  destroying 

the main layered structure of Ti3C2. Meanwhile, it promotes 
the transformation of Ti3C2 surface functional groups from 
hydrophilic groups (-OH, -O-) to hydrophobic ones. Thus, the 
hydrophobicity of the Ti3C2 interface is achieved.

Contact angle analysis
Figure 5 shows the contact angle test results of Ti3C2 and 

F-Ti3C2. The contact angle of Ti3C2 is only 55.43°, indicating that 
pristine Ti3C2 has strong hydrophilicity. This is because a large 
number of hydroxyl groups exist on its surface. These groups 
are prone to adsorb water vapor. The contact angle of F-Ti3C2 
support modified by PFOTS increases significantly to 155.27°. 
This demonstrates that the hydrophobicity of Ti3C2 is greatly 
improved after fluoro-group modification. It meets the standard 
of strong hydrophobicity. A hydrophobic film forms on the 
surface of modified F-Ti3C2. Combined with the determination 
results in Figure 4(g), the -CF3 and -CF2- groups have extremely 
strong hydrophobicity and can effectively repel water molecules. 
They can inhibit water vapor adsorption and condensation on the 
support surface. Meanwhile, combined with the SEM image in 
Figure 3(c), the formation of the hydrophobic film does not block 
the interlayer gaps of Ti3C2. It does not affect the subsequent 
loading of promoters and active components. The above results 
confirm that fluoro-group modification can significantly enhance 
the hydrophobicity of Ti3C2 support(Yang et al. 2025).

Optimization of catalyst preparation parameters and 
activity evaluation

Coupling evaluation experiments for hydrogen-rich fuel 
are conducted at 600 °C. CO conversion, CH4 conversion ,and 
H2 selectivity are used as the evaluation indicators. The optimal 
preparation parameters of the NiCo-CeO2/F-Ti3C2 catalyst are 
screened. These parameters include NiCo metal loading, Ni/
Co molar ratio, and Ce loading. The stability of the optimal 
catalyst is then evaluated.

Effects of NiCo metal loading on CO/CH4 conversion and 
H2 selectivity

Catalysts of NiCo/F-Ti3C2 are prepared. The total loadings 
of NiCo are set at 5%, 8%, 13%, and 17%. The Ni/Co molar 
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Fig. 6. Effects of NiCo loading on CO/CH4 conversion and H2 
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Fig. 7. Effects of Ni/Co molar ratio on CO/CH4 conversion  
and H2 selectivity
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ratio is controlled at 3:1. The results of the activity evaluation 
are shown in Figure 6. It can be seen from Figure 6 that CO 
conversion, CH4 conversion, and H2 selectivity all show a 
trend of first increasing and then decreasing with the increase 
in NiCo loading. The CO conversion, CH4 conversion, and 
H2 selectivity reach their peak values when the NiCo loading 
is 13%. The peak values are 79.21%, 36.10%, and 84.06%, 
respectively. The main reason is that a 13% NiCo loading can 
form a large number of Ni-Co alloy active sites. The interaction 
between the active sites and the support can efficiently activate 
the C–O bonds of CO and C-H bonds of CH4. This improves 
the conversion efficiency and H2 selectivity. When the loading 
increases to 17%, excessive NiCo metals agglomerate. This 
leads to a decrease in the exposure of active sites (Masoudpanah 
et al. 2025). It also blocks the pores of the support,  hindering 
the contact between reactants and active sites as well as the 
desorption of H2. Finally, all performance indicators decrease. 
Therefore, 13% is determined as the optimal NiCo loading.

Effects of Ni/Co molar ratio on CO/CH4 conversion and 
H2 selectivity

NiCo/F-Ti3C2 catalysts are prepared. The Ni/Co molar 
ratios are set at 5:1, 3:1, 1:1 and 0:1. The total NiCo loading 
is controlled at 13%. The results of the activity evaluation 
are shown in Figure 7. It can be observed from Figure 7 that, 
with the Ni/Co molar ratio changing from 5:1 to 0:1, both CO 
conversion and CH4 conversion show a trend of first increasing 
and then decreasing. H2 selectivity also first increases to a peak 
and then decreases continuously. When the Ni/Co molar ratio 
is 3:1, the CO conversion, CH4 conversion, and H2 selectivity 
reach 90.01%, 47.33%, and 92.04%, respectively. These values 
are the maximum within the entire ratio adjustment range. 
From the perspective of active sites and the alloy formation 
mechanism, when the Ni/Co molar ratio is 3:1, the proportion 
of nickel-dispersed active sites and the formation of nickel-
cobalt alloys in the system reach a balance. The synergistic 
effect of the two types of sites maximizes the adsorption and 
activation efficiency of CO and CH4 as well as the selectivity 
of H2 generation. Thus, the catalytic performance reaches its 
peak. When the Ni/Co molar ratio is higher than 3:1 (e.g., 

5:1), the formation of nickel-cobalt alloys is limited, and the 
proportion of nickel active components is relatively high. 
Nickel is prone to agglomeration, leading to a reduction in 
the number of effective active sites. Therefore, the conversion 
effect and selectivity are poor. When the Ni/Co molar ratio is 
lower than 3:1 (e.g., 1:1), the increase in Co content promotes 
the formation of more nickel-cobalt alloys. The proportion 
of nickel-dispersed active sites decreases accordingly, and 
the total number of active sites is reduced. The catalytic 
performance further declines. When the ratio continues to 
decrease to 0:1, only cobalt active sites remain in the system. 
Cobalt is not only prone to self-agglomeration but also cannot 
achieve high-efficiency catalysis like nickel or nickel-cobalt 
alloys. Finally, the CO conversion, CH4 conversion, and H2 
selectivity all remain at the lowest level. In summary, the 
optimal Ni/Co molar ratio is 3:1. 

Effects of Ce loading on CO/CH4 conversion and H2 
selectivity

Ce is first loaded onto the F-Ti3C2 support. The Ce loadings 
are set at 3%, 5%, 8%, and 11%. Then, NiCo metals are 
loaded onto the support. The total NiCo loading is controlled 
at 13%, and the Ni/Co molar ratio is fixed at 3:1. The NiCo-
CeO2/F-Ti3C2 catalysts are prepared via calcination under a 
nitrogen atmosphere followed by reduction under a hydrogen 
atmosphere. The results of the activity evaluation are shown 
in Figure 8.

It can be observed from Figure 8 that, with the Ce loading 
increasing from 2% to 11%, CO conversion, CH4 conversion, 
and H2 selectivity all show a trend of increasing significantly 
to a peak and then decreasing continuously. When the Ce 
loading is 5%, all catalytic performance indicators reach their 
maximum within the entire adjustment range. It achieves the 
optimal preparation effect of hydrogen-rich fuel gas. From the 
perspective of the catalytic mechanism, the core function of 
CeO2 is to regulate the dispersion of Ni-Co alloy active metals. 
It improves the effective utilization and catalytic activity 
of active sites. When the Ce loading is lower than 5%, the 
content of CeO2 is insufficient, and its regulating effect on the 
dispersion of Ni-Co alloys is limited. Some Ni-Co metals are 
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prone to agglomeration, leading to a reduction in the number of 
effective active sites. The catalytic performance cannot be fully 
exerted. When the Ce loading is higher than 5%, excessive 
CeO2 cannot further optimize the dispersion of Ni-Co alloys. 
Instead, it aggregates on the support surface and blocks the 
pores. This hinders the mass transfer process of reactants and 
products, and the catalytic efficiency of active components 
decreases significantly. The catalytic performance continues 
to decrease with the increase in Ce loading. In summary, the 
optimal Ce loading is 5%.

Stability evaluation of the optimal NiCo-CeO2/F-Ti3C2 
catalyst

The optimal catalyst is prepared with a Ce loading of 
5%, a NiCo loading of 13% and a Ni/Co molar ratio of 3:1. A 
stability test is conducted on this catalyst. CO conversion, CH4 
conversion, and H2 selectivity are measured at different time 
intervals. The measurement results are shown in Figure 9.

Figure 9 shows that, for the optimal catalyst, CO/CH4 
conversion and H₂ selectivity decrease only slightly within 
0-1 h, maintaining a stable trend. The performance indicators  
drop rapidly with a significant decrease within 1-8 h. The 
performance stabilizes without obvious fluctuations within 
8-11 h. At the initial 6 minutes of the reaction, CO conversion 
reaches 96.16%. CH4 conversion reaches 60.16%, and H2 
selectivity reaches 97.87%. After 11 h, CO conversion 
maintains at 69.05%, CH4 conversion remains at 23.02%, and 
H2 selectivity remains at 82.59%. Within 0-1 h, the catalytic 
performance attenuates slightly. The hydrophobic surface 
structure is assumed to remain relatively intact during this 
stage. The overall structure of the catalyst and the catalytic 
efficiency of active centers do not undergo substantial changes. 
The performance decline is therefore extremely small. Within 
1-8 h, the high-temperature reaction environment causes 
thermal decomposition of fluoro-based hydrophobic groups on 
the Ti3C2 surface. The hydrophobic properties of the support 
are thereby weakened, which may lead to aqueous-phase 
poisoning of the catalyst. This results in a rapid decline of 
conversion and selectivity. Within 8-11 h, the support structure 
and hydrophobic groups of the catalyst undergo irreversible 
structural changes. A dynamic balance is achieved between 
slight carbon deposition and water vapor poisoning. The 
catalytic function of the active components is not completely 
lost, and they can still participate in the hydrogen production 
reaction. Therefore, all catalytic performance indicators tend 
to izestabilize without significant fluctuations. In summary, 
the optimal catalyst exhibits stage-specific catalytic stability 
during the 11 h stability test. Performance attenuation is slight 
in the early stage, with good structural integrity. Performance 
drops sharply in the middle stage, which may be attributed  
to structural damage and poisoning effects. Performance 

stabilizes in the later stage after a balance between poisoning 
and catalytic processes is achieved. Overall, it has certain 
potential for long-term catalytic applications.

Catalyst characterization analysis 
XRD analysis

It can be seen from Figure 10 that, in the XRD patterns of 
the optimal NiCo-CeO2/F-Ti3C2 catalyst before and after the 
reaction, besides the characteristic diffraction peaks of Ti3C2, 
there are obvious characteristic diffraction peaks of CeO2 
(Kanmaz et al. 2025). The peaks are located at 2θ=28.6°, 33.1°, 
and 76.7°. This indicates that the successfully loaded Ce forms 
a stable oxide phase. The characteristic diffraction peaks of the 
Ni-Co alloy appear in the patterns (Rai & Hegde 2024). The 
peaks are located at 2θ=44.5° and 51.7°. This demonstrates 
that the oxides of Ni and Co are successfully reduced to the 
Ni-Co alloy. In addition, the characteristic diffraction peaks of 
the Ni-Co alloy have high intensity, indicating  that the Ni-
Co alloy has good crystallinity. The characteristic diffraction 
peaks of CeO2 have low intensity, suggesting that CeO2 is 
uniformly dispersed without obvious agglomeration. The 
characteristic peaks of the optimal catalyst show little change 
before and after the reaction. This indicates that the catalyst 
has good structural stability.

SEM analysis
Figures 11(a)-(c) show the SEM characterization results 

of the optimal NiCo-CeO2/F-Ti3C2 catalyst. The results are 
obtained under the hydrogen-rich atmosphere of biomass 
pyrolysis gas at 600 °C. The three states are the unreacted 
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catalyst, the catalyst reacted for 1 h, and the catalyst reacted 
for 8 h. For the unreacted catalyst (Figure 11 (a)), the active 
metal particles are uniformly dispersed on the support surface 
at the nanoscale. No obvious agglomeration is observed. The 
hydrophobicity imparted by fluoro-group modification endows 
the catalyst surface with a rough micromorphology, which 
provides  highly dispersed active sites. After 1 h of reaction 
(Figure 11 (b)), the active particles show slight agglomeration, 
and some small particles fuse together. The catalyst structure 
remains intact. The catalyst surface still presents a fuzzy and 
rough state, indicating  that the fluoro-based hydrophobic 
groups are not largely destroyed and the hydrophobicity is 
retained. When the reaction time is extended to 8 h (Figure 
11 (c)), the agglomeration degree of active particles increases 
significantly. Large particle aggregates form on the support 
surface. Meanwhile, the support surface changes from rough 
to smooth and flat. This may be because the fluoro-based 
hydrophobic groups undergo thermal decomposition and are 
removed at 600 °C. The long-term thermal effect promotes 
further migration and fusion of active particles, eventually 
leading to significant changes in the surface morphology and 
active particle distribution of the catalyst (Liu et al. 2022). The 
changes in catalyst morphology further support the stability 
evaluation results in Figure 9.

XPS analysis
Table 2 presents the XPS analysis results of the optimal 

catalyst before the reaction and after 8 h of reaction. The 
changes in the valence states of various elements and adsorbed 
oxygen clearly reflect the structural evolution and activity decay 
mechanism of the catalyst under the hydrogen-rich atmosphere 
of biomass pyrolysis gas at 600 °C. In the unreacted catalyst, 
the molar ratios of Ni0/Ni2+ and Co0/Co2+ are 1.55 and 1.17, 
respectively. After 8 h of reaction, these two ratios increase 
to 2.06 and 1.49, respectively. This indicates that Ni and Co 
elements are reduced to their metallic states during the high-
temperature reaction process (Zhang et al. 2024). Although 
metallic Ni and Co are the active centers of the catalytic 
reaction, combined with the particle agglomeration observed in 
the SEM characterization, the aggregation of metallic species 
leads to a decrease in the effective exposure of active sites. 

The proportion of adsorbed oxygen (Oads) in the total 
oxygen decreases from 26.1% to 18.6%. As a key active 

oxygen species in the catalytic reaction, the sharp reduction in 
its content significantly weakens the adsorption and activation 
ability of the catalyst for the reactants of biomass pyrolysis 
gas. The molar ratio of Ce3+/Ce4+ decreases from 0.28 to 0.17, 
indicating an increase in the proportion of Ce4+. The Ce3+/
Ce4+ redox cycle is the core of the cocatalytic effect of cerium 
dioxide promoter (Gong et al. 2025). The reduction in the 
efficiency of this cycle further weakens the promoting effect 
of the promoter on the main catalytic reaction (Mathew & 
Devi 2024). The comprehensive changes in the valence states 
of the above elements and oxygen species, together with the 
agglomeration of catalyst morphology and the decomposition 
of hydrophobic groups, constitute the internal reasons for the 
catalytic activity first decreasing sharply and then stabilizing 
during the reaction process.

Contact angle analysis

(a) 129.81°

(b) 92.54°

(c) 37.92°

Fig. 11. SEM images of the optimal NiCo-CeO2/F-Ti3C2 catalyst

Fig. 12. S. Contact angle measurement results of the optimal 
catalyst in unreacted state, after 1 h of reaction and after 8 h 

of reaction
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Figures 12(a)-(c) show the contact angle measurement 
results of the optimal catalyst in the unreacted state, after 1 h 
of reaction, and after 8 h of reaction. The contact angle values 
decrease from 129.81° to 92.54° and then to 37.92°. This 
trend is highly correlated with the catalytic activity evolution 
of the hydrogen production reaction in the aqueous phase of 
biomass pyrolysis gas. The contact angle of the unreacted 
catalyst is much larger than 90°. The strong hydrophobic 
surface constructed by fluoro-group modification and the 
uniformly dispersed active particles can resist the adsorption 
and agglomeration of water vapor in the reaction system 
(Zhang et al. 2025). This avoids the coverage of active sites 
by water film and ensures sufficient contact between CO, CH4, 
and active centers. Thus, the catalyst exhibits excellent initial 
activity. After 1 h of reaction, the contact angle is slightly larger 
than 90°. The hydrophobicity decreases significantly. This is 
because some fluoro-based hydrophobic groups decompose 
under high temperature. Meanwhile, the slight agglomeration 
of active particles reduces the surface roughness (Chen 2026). 
A small amount of water vapor begins to adsorb and occupy 
the active sites. The catalytic activity shows an initial sharp 
decline. After 8 h of reaction, the contact angle drops sharply 
to 37.92°. The catalyst surface becomes hydrophilic (Chen & 
Wang 2026). The fluoro-based groups may have substantially 
decomposed under the synergistic effect of high temperature 
and water vapor. Severe particle agglomeration makes the 
surface tend to become smooth. A large amount of water vapor 
adsorbs to form a water film. It not only blocks the active sites 
but also hinders the diffusion of reactants. It also inhibits the 
hydrogen production reaction. As a result, the catalytic activity 
drops continuously and sharply during 1-8 h. The subsequent 
stable activity is related to the substantial decomposition of 
hydrophobic groups and the dynamic equilibrium of water 
vapor adsorption.

Conclusions
This study prepares hydrophobic F-Ti3C2 MXene two-

dimensional nanosheets. The preparation involves HF-HCl 
solution etching and perfluorooctyltriethoxysilane(PFO
TS) modification. The F-Ti3C2 MXene serves as the catalyst 
support. CeO2 promoters and Ni-Co alloy active components 
are loaded onto the support. The loading process adopts the 
impregnation method combined with nitrogen calcination and 
hydrogen reduction. A catalyst with both high activity and 
strong hydrophobicity is obtained. A fixed-bed reactor is used 
to evaluate the catalyst performance for hydrogen-rich gas 
production. The effects of total NiCo loading, Ni/Co molar 
ratio, and Ce loading on CO/CH4 conversion and H₂ selectivity 
are investigated. Characterization techniques including XRD, 
SEM, XPS, and contact angle measurement are applied to 
analyze the catalytic mechanism. The main conclusions are as 
follows:

(1) The NiCo-CeO2/F-Ti3C2 catalyst exhibits optimal 
performance under the following parameters: the total NiCo 
loading is 13%, the Ni/Co molar ratio is 3:1, and the Ce loading 
is 5%. In the initial reaction stage, the catalyst achieves a CO 
conversion rate of 96.16%,  a CH4 conversion of 60.16%, and 
an  H₂ selectivity of 97.87%. The catalyst shows excellent 
performance in hydrogen production from biomass pyrolysis 
gas.

(2) The optimal catalyst has a contact angle of 129.81°, 
showing strong hydrophobicity. XRD characterization 
confirms the presence of characteristic peaks of the Ni-Co alloy 
and CeO2 after nitrogen calcination and hydrogen reduction. 
SEM characterization reveals an intact two-dimensional 
layered structure of the catalyst and uniform dispersion of the 
active components. XPS analysis before and after the reaction 
indicates changes in the valence states of the elements. The 
Ce3+/Ce4+ redox cycle efficiency decreases, which  impairs the 
catalyst performance. The catalyst maintains high and stable 
catalytic activity within 0-1 h, during which the hydrophobic 
groups remain relatively intact.

(3) The hydrophobic interface constructed by fluoro-group 
modification effectively resists the hydrothermal deactivation 
of the catalyst and improves the efficiency of biomass pyrolysis 
gas conversion. Future work will focus on preparing protective 
carbon films to protect the hydrophobic groups and  prevent 
them from being damaged during the reaction. This strategy 
will extend the stable reaction time of the catalyst.
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Abstract:  Pressure-driven membrane techniques are increasingly being applied to natural water treatment as an 
alternative to conventional physico-chemical processes. This makes it essential to compare the effectiveness of 
these two approaches, particularly under long-term operational conditions. In the preliminary phase of the study, 
short-term tests were conducted to select the most suitable membranes based on their separation and transport 
properties: two out of three microfiltration (MF) membranes, two out of three ultrafiltration (UF) membranes, and 
one out of two nanofiltration (NF) membranes were chosen for subsequent long-term tests. During these long-term 
evaluations, the efficiency of surface water treatment in integrated MF+NF and UF+NF systems was assessed 
and compared with the performance of a conventional treatment train comprising coagulation, sedimentation, 
filtration, and adsorption.
The results indicate that integrated MF+NF and UF+NF systems achieve significantly higher treatment efficiency 
than conventional processes, with, for example, dissolved organic carbon (DOC) reduction of 93% in membrane 
systems compared with 50% using conventional methods. Membrane processes also enable highly effective 
removal of specific microorganisms, which is not achievable using traditional treatment methods. Additionally, 
integrated MF+NF and UF+NF systems reduce water salinity and achieve water softening, whereas conventional 
systems tend to increase salinity. An analysis of operational costs revealed that the UF+NF system is nearly 50% 
less expensive to operate than the MF+NF system. Nevertheless, both membrane-based systems remain several 
times more costly than conventional water treatment.

© 2026. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-
ShareAlike 4.0 International Public License (CC BY SA 4.0, https:// creativecommons.org/licenses/by-sa/4.0/legalcode), 
which permits use, distribution, and reproduction in any medium, provided that the article is properly cited.

Introduction
Freshwater is one of the most important environmental 

resources, essential for the proper functioning of all living 
organisms and for all sectors of industry. In Europe, the 
majority of freshwater is abstracted from surface water 
bodies: approximately 75% of total water abstraction 
originates from rivers and reservoirs, while 25% comes 
from groundwater (Water resources of Europe 2025). Water 
is primarily used in three main sectors: agriculture, industry, 
and households. For potable water production, approximately 
65% of the supply is derived from groundwater, whereas 
35% comes from surface water sources (Europe’s water in 
figures 2027). 

Conventional surface water treatment typically involves a 
sequence of physico-chemical processes designed to remove 
physical, chemical, and microbiological contaminants. The 
most commonly applied unit processes include coagulation, 

flocculation, sedimentation, rapid sand filtration, adsorption 
on activated carbon, and disinfection. These conventional 
treatment methods have been successfully used for decades, 
particularly in municipal water supply systems. However, they 
present several limitations in the context of contemporary 
environmental, health, and technological challenges. Their 
effectiveness depends strongly on the characteristics and 
concentrations of pollutants, as well as on the composition of 
the water matrix (Knap-Bałdyga, and Zubrowska-Sudoł 2023). 
Moreover, these processes generate sludge and backwash water 
that require appropriate management and disposal (Zielina 
and Dąbrowski 2021).  Coagulation involves the addition of 
chemical reagents, the residuals of which may contribute to 
secondary pollution (García-Avila et al. 2025). Similarly, 
chemical disinfection may lead to the formation of disinfection 
by-products (DBPs), some of which are potentially toxic or 
carcinogenic (Srivastav et al. 2020). 
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In response to the limitations of conventional technologies, 
low-pressure membrane processes began to be widely 
implemented in the 1990s (Li & Visvanathan 2017). Compared 
with conventional surface water treatment, microfiltration (MF) 
and ultrafiltration (UF) offer several advantages, including 
stable production of  high-quality treated water, reduced or no 
chemical consumption, compact system design, and ease of 
automation (Aziz et al. 2024). These processes are particularly 
effective in removing protozoa (e.g., Cryptosporidium), 
whereas their efficiency in removing bacteria and, especially, 
viruses may be limited (Bodzek et al. 2019). Furthermore, 
low-pressure membrane processes are generally ineffective 
in removing low-molecular-weight organic compounds of 
both natural and anthropogenic origin, which may contribute, 
among other effects, to water color.

Nanofiltration (NF) has also been applied in drinking 
water treatment. Due to the specific separation properties 
of NF membranes, this process enables the removal of low-
molecular-weight organic compounds, including emerging 
contaminants, and allows partial water softening and salinity 
reduction (Guo et al. 2022). However, membrane fouling 
remains a major operational challenge in NF system design 
and operation, affecting both the separation and transport 
properties of the membranes. Counteracting this phenomenon 
or mitigating its intensity significantly impacts the operational 
costs of membrane processes. As stated by Hong and Elimelech 
(1997), the presence of natural organic matter (NOM) in water 
causes calcium ions, responsible, among other things, for 
water hardness, to form a dense gel layer with high resistance 
on the NF membrane surface, thereby intensifying membrane  
fouling. To mitigate fouling intensity in NF systems, primarily 
through the removal of NOM, pretreatment using either 
conventional processes (Kim et al. 2011) or low-pressure 
membrane techniques is widely applied (Liu et al. 2021).

The application of membrane separation processes in 
drinking water treatment is limited by operational costs, 

particularly those associated with energy consumption 
and membrane fouling. Energy consumption in membrane 
separation processes has been reduced through the use of 
increasingly advanced (modified) membranes. The average 
energy consumption of the UF process is 0.29 kWh/m³ (Lidén 
and Persson 2016). In the case of NF, it is approximately 1 
kWh/m³ (Fan et al. 2020), which is nearly 50% lower than 
that of RO. For this reason, among others, NF is widely used 
for freshwater treatment when only softening is required. For 
comparison, the energy consumption of conventional water 
treatment systems ranges from 0.6 to 0.8 kWh/m³, depending 
on the plant size and the type of filtration used (Skoczko 2025).

Regardless of whether conventional physico-chemical 
processes or membrane-based technologies are employed for 
water purification, treated surface water must undergo chemical 
disinfection to prevent secondary microbial contamination 
within the distribution system. The effectiveness of disinfection 
and, in particular, the formation and speciation of DBPs are 
strongly influenced by the concentration and characteristics 
of organic matter remaining in the treated water (Li et al. 
2017; Pietrzyk and Papciak 2017). Numerous studies have 
shown that the amount of disinfection by-products formed is 
proportional to the UV254 absorbance value (Valenti-Quiroga et 
al. 2024; Wang et al. 2024). Therefore, the effective removal of 
organic matter in processes preceding disinfection is crucial to 
ensuring water safety. 

The presence and type of organic matter also affect the 
degree of membrane fouling and, consequently, the reduction 
of permeate flux. In particular, the structure of NOM has 
been indicated as the main factor influencing the extent of 
membrane fouling (Zularisam et al. 2006). Additionally, 
membrane durability and permeate quality are determined by 
operational conditions, including the method and frequency of 
backwashing and/or chemical cleaning procedures.

The analyses of the effectiveness of membrane separation 
processes and conventional treatment systems presented in the 

Parameter Unit Min value Max value
Temperature °C 12.0 17.4
Conductivity µS/cm 563 740
Suspended solids mg/L 1.6 16.6
Turbidity NTU 2.9 17.8
Color mg Pt/L 8.96 13.66
UV254 m-1 9.4 16.87
TOC mg C/L 4.05 4.99
DOC mg C/L 3.96 4.92
BDOC mgC/L 0.31 1.39
Total hardness mg CaCO3/L 161 290
SO4

2- mg/L 27.1 86.4
Cl- mg/L 34.1 50.8
Clostridium perfringens CFU/100 cm3 0 78
E. coli CFU/100 cm3 0 25
Coliform bacteria CFU/100 cm3 3 2420
Total cell count (TCC) cell/mL 37,971 293,069

Table 1: Raw water characteristics
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literature do not allow for a direct comparison of these two 
approaches, as the studies were conducted using different 
water sources. In contrast, the present study was carried out 
in parallel using two treatment systems processing the same 
water, making it possible to compare both treatment efficiency 
and operational costs. 

Therefore, the aim of this study was to compare the 
efficiency and costs of surface water treatment using 
conventional physico-chemical processes with those of 
integrated systems combining low-pressure membrane 
processes (microfiltration or ultrafiltration) and nanofiltration. 
The research was conducted under long-term operational 
conditions and included membranes made of different 
materials, enabling the identification of those with the most 
favorable separation and transport properties. 

Materials and Methods
Raw water

The study was conducted to compare the effectiveness 
of surface water treatment using pressure-driven membrane 
processes (microfiltration, ultrafiltration, and nanofiltration) 
with a conventional treatment system comprising sequential 
coagulation, sedimentation, rapid sand filtration, and granular 
activated carbon adsorption. The water used in the study was 
sourced from a surface water body supplying a town in south-
western Poland. The feedwater for each treatment system is 
characterized in Table 1.

Membrane processes
The membrane process tests were conducted in two 

stages. The first stage aimed to evaluate the separation and 
transport properties of microfiltration, ultrafiltration, and 
nanofiltration membranes. Preliminary tests were performed 

using three types of microfiltration modules, three types 
of ultrafiltration modules, and two types of nanofiltration 
modules. In the second stage, the membranes selected during 
the preliminary tests in each category were employed in long-
term experiments to assess the suitability of integrated MF+NF 
and UF+NF processes for water treatment. The application of 
integrated MF+NF and UF+NF systems resulted from the need 
for partial softening of treated freshwater without complete 
demineralization.

All membrane modules used in the study were supplied 
by PolymemTech (Warsaw, Poland). The characteristics of the 
membrane modules are summarized in Table 2.

Preliminary membrane tests were conducted over a period 
of 5 hours, while the long-term experiments using sequential 
systems were carried out for 71 days (MF+NF) and 90 days 
(UF+NF). All short-term experiments were performed in 
duplicate. Prior to the main experiments, the membranes were 
conditioned at the operating pressure for 45 minutes using 
tap water. During filtration cycles with capillary and tubular 
modules, the membranes were backwashed every 10 minutes 
for 1 minute. At the end of each filtration cycle, the membranes 
were chemically cleaned with a 1% citric acid solution.

Filtration with MF and UF membranes was preceded by 
pre-treatment of the raw water using 20 µm bag filters. For 
the NF tests, the feedwater was pre-treated using the MF3 
microfiltration membrane.

In the long-term experiments, to minimize membrane 
fouling, the MF and UF modules were supplied with feedwater 
pre-treated using a 20 µm bag filter, a UV lamp, and a 10 
µm cartridge filter. The ceramic micro- and ultrafiltration 
membranes were backwashed with permeate every 10 minutes 
for 1 minute and chemically cleaned weekly with NaOCl (200 
mg Cl₂/L) and citric acid (pH 2.8).

Table 2: Membrane modules characteristics 

Process Microfiltation
module symbol MF1 MF2 MF3
membrane material polypropylene (PP) polypropylene (PP) ceramic (α Al2O3 )
mean pore diameter, µm 0.2 0.2 0.2 
module configuration spiral wound capillary tubular
membrane surface, m2 1.8 0.5 1.26
Process Ultrafiltration
module symbol UF1 UF2 UF3
membrane material modified 

polytetrafluoroethylene 
(TFM)

polyethersulfone (PES) ceramic

cut-off, kDa 1.5-3.5 20 50
module configuration spiral wound spiral wound tubular
membrane surface, m2 2.4 1.8 0.7
Process Nanofiltration
module symbol NF1 NF2
membrane material poliamide (PA) modified polytetrafluoroethylene 

(TFM)
cut-off, Da 200 200-300
module configuration spiral wound spiral wound
membrane surface, m2 7.9 7.9

Comparison of surface water treatment efficiency using integrated pressure-driven membrane...
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All membrane processes were operated at constant 
pressures as follows:
•	 Short-term tests: 1.3 bar for MF, 3.05 bar for UF, and 3 

bar for NF;
•	 Long-term tests: 1.9 bar for MF, 3 bar for UF, and 3.2 bar 

for NF.
The parameters applied in the short-term and long-term 

tests were determined based on preliminary studies and 
the operating conditions achievable within the pilot-scale 
installation.

All experiments were performed using the setup shown in 
Figure 1.

Conventional water treatment train
An experiment to evaluate the effectiveness of surface 

water treatment using a conventional treatment system was 
conducted in a continuous-flow system with a capacity of 
2.95–3.05 m³/h, as illustrated in Figure 2. The treatment train 

consisted of coagulation, sedimentation, rapid sand filtration, 
and adsorption on granular activated carbon (GAC), with the 
operating parameters summarized in Table 3.

The system was operated continuously, and the process 
parameters remained largely stable throughout the study, 
except for minor adjustments in reagent dosages. The activated 
carbon was loaded into the filters two months prior to the start 
of the experiments, allowing it to develop biological activity.

Analytical methods
To evaluate the effectiveness of the individual treatment 

processes, the following parameters were measured in the 
raw water and in samples collected after each process step: 
temperature, conductivity, color, turbidity, suspended solids 
concentration, absorbance at 254 nm, dissolved organic carbon 
(DOC) concentration, total hardness, sulphate and chloride 
ion concentrations, and the presence of coliform bacteria, 
Escherichia Coli (E. coli), and Clostridium perfringens. All 

Fig. 1. Experimental set-up of the membrane system

Process: Contact time (min) Reagent Dose, mg/L
Coagulation: polyaluminium chloride of 

65% basicity
1.94-2.89

           Rapid mixing 2-3
           Flocculation 17-21
Sedimentation 115-125 - -
Sand filtration 18-25 (rate 5 m/h) sand -
Adsorption by GAC 18-25 (rate 5 m/h) GAC WG-12 (specific 

surface area 968 m2/g)
-

Stabilisation - H2SO4 2.1-3.5
Disinfection - NaOCl 0.7-1.0

Table 3: Operational parameter of conventional unit processes
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analyses were conducted in accordance with current standard 
methods. Based on UV254 and DOC measurements, the specific 
UV absorbance (SUVA) was calculated. The analytical error of 
the performed measurements did not exceed 2%.

The molecular weight distribution of organic substances 
was determined using size-exclusion chromatography (SEC), 
following the procedure described in detail by Allpike et 
al. (2005). The SEC results were also presented as three-
dimensional UV absorbance spectra (3D spectra) over the full 
wavelength range, allowing inferences regarding the properties 
of the organic substances.

For the long-term evaluation of both the membrane 
processes and the conventional treatment system, cytometric 
analyses were performed to determine total cell counts (TCC), 
the proportion of damaged cells, and the concentration of 
biodegradable dissolved organic carbon (BDOC). DNA staining 
was conducted using SYBR Green (SG) to quantify TCC and 
propidium iodide (PI) to assess damaged cells. Cytometric 
measurements were carried out using a BD Accuri™ C6 flow 
cytometer (BD Biosciences, USA).

Operational costs analysis
The comparison of the conventional water treatment 

system with the integrated membrane systems also included 
an analysis of the operational costs of each technological 
configuration.

Operational costs were determined based on measurements 
conducted during the study. The systems were equipped 

to monitor energy consumption, the volume of water used 
for rinsing, and the amount of reagents used for membrane 
cleaning. These measurements were used to determine the 
average consumption of energy, reagents, and consumable 
materials. Costs were then calculated using the unit prices of 
the individual materials applicable during the study period 
and incurred by the company. Unit prices were based on the 
company’s supply contracts for reagents, energy, and other 
consumable materials. For the integrated membrane processes, 
the operational costs comprised:
1.	 Pre-treatment, including the operating costs of the bag 

filter system, cartridge filters, and the water heater and/or 
UV disinfection lamp.

2.	 Operation of MF, UF, and NF membranes, covering 
energy consumption and the costs associated with 
membrane rinsing (periodic chemical cleaning costs were 
not included).

3.	 Idle operation, encompassing the control and electrical 
systems of the installation.

4.	 Membrane replacement, assuming a service life of  five years.
For the conventional treatment system, operational costs 
included:
1.	 Energy consumption for water pumping and mixing, 

covering the power supply for pumps, mixers, and reagent 
dosing pumps.

2.	 Reagent consumption, including coagulants, sodium 
hydroxide for pH adjustment, sodium hypochlorite, 
oxygen for ozone generation, and activated carbon. 

Fig. 2. Experimental set-up of  the conventional water treatment train (RMT – rapid mixing tank, FB – flocculation basin,  
Cl – clarifier, SF – sand filter, BT- buffer tank, GACF – granular activated carbon filter, CWB – clean water basin)

Fig. 3. Short-term permeate flux profiles for microfiltration membranes

Comparison of surface water treatment efficiency using integrated pressure-driven membrane...

Niemniej jednak oba systemy oparte na technikach membranowych pozostają kilkukrotnie 

droższe od konwencjonalnego uzdatniania wody. Badania pokazały, że zastosowanie 

zintegrowanych procesów membranowych pozwala na uzyskanie wody o lepszej jakości niż 

w wypadku użycia procesów konwencjonalnych. 
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Average reagent dosages used during system operation 
were adopted for cost estimation.

3.	 Filter backwashing, including the energy costs of blowers 
and pumps used for water and air backwashing.
All costs were estimated based on 2025 prices.

Results and discussion
Evaluation of the transport and separation properties of 
micro-, ultra-, and nanofiltration membranes: a short-
term study

To preliminarily assess the suitability of the membranes, 
their transport and separation properties were evaluated in 
short-term experiments. Analysis of the transport performance 
of the microfiltration modules showed that permeate flux was 
influenced by both the membrane material and the module 
configuration and operating mode (Figure 3, Table 4).

In the case of microfiltration membranes, which, according 
to the literature (Mulder 1996), are the most susceptible to 
fouling because they exhibit  the highest convective transport 
among the three membrane types investigated (MF, UF, NF), 
detailed measurements of permeate flux were performed to 
analyze the kinetics of this phenomenon. Analysis of the 
permeate flux decline profiles over time showed that none 
of the membranes exhibited a rapid initial drop in hydraulic 
performance, which would indicate complete pore blocking. 
Instead,  all membranes exhibited a gradual decline in 
performance throughout the experiment, indicating a mixed-
mode fouling mechanism (intermediate blocking, adsorption, 
and cake layer formation).

For the polypropylene (PP) membranes, a significantly 
higher permeate flux was recorded in the capillary module 
(MF2) than in the spiral-wound module (MF1). This difference 
resulted from the fact that the capillary module was operated 
with periodic backwashing, whereas backwashing was not 
possible in the spiral-wound configuration. Despite the lower 
absolute permeate flux observed for the membrane in module 
MF1 compared with MF2, the relative decline in hydraulic 
performance after 5 hours of filtration was comparable for both 
systems, amounting to 23.8% and 27.9% for MF1 and MF2, 
respectively.

A comparison of the transport properties of PP and ceramic 
membranes, both operated with systematic backwashing 
(modules MF2 and MF3), revealed higher hydraulic 
performance for the polymeric membrane. This finding 
is somewhat unexpected, as PP membranes are generally 

considered hydrophobic (Ariono and Kusuma Wardani 2017), 
whereas ceramic membranes are typically regarded as strongly 
hydrophilic (Gu et al. 2022). Polypropylene is widely used as a 
membrane material due to its chemical stability, low cost, and 
good mechanical properties. Moreover, surface modification 
can render PP highly hydrophilic (Gryta 2021), which may 
lead to an increased permeate flux during the filtration of 
aqueous solutions. Although no information was available 
from the manufacturer of the membrane used in module MF2 
regarding its surface treatment, it can reasonably be assumed 
that the membrane had undergone hydrophilization.

Analysis of the transport properties of the ultrafiltration 
membranes indicated that the highest permeate flux was 
achieved with the ceramic membrane installed in the tubular 
UF3 module, whereas the lowest flux was recorded for 
the TFM membrane in the spiral-wound UF1 module. The 
observed differences are attributable to both the membrane 
material (PTFE, PES, and ceramic) and the substantially 
different molecular weight cut-off (MWCO) values: 1.5–3.5 
kDa for UF1, 20 kDa for UF2, and 50 kDa for UF3. Moreover, 
the tubular membrane in the UF3 module was subjected 
to systematic backwashing, which effectively limited the 
formation of a fouling layer and contributed to maintaining a 
higher permeate flux.

It is also noteworthy that, despite the absence of backwashing 
during the operation of the UF1 module (MWCO 1.5–3.5 kDa), 
the permeate flux remained nearly constant throughout the 5-hour 
test. This suggests that the retained particles were sufficiently 
large to prevent internal pore blocking and were continuously 
removed from the membrane surface by the circulating feed 
stream, thereby minimizing fouling.

For the nanofiltration membranes, both systems exhibited 
stable permeate flux throughout the experimental period. 
However, superior transport performance was observed for 
the NF1 membrane. Although the two tested membranes have 
similar molecular weight cut-off values, they differ in terms 
of membrane material. The membrane in the NF1 module 
was fabricated from polyamide, a highly hydrophilic polymer 
(El-Gendi 2022), which may account for its higher hydraulic 
performance.

Furthermore, no decline in permeate flux was recorded 
for either membrane during the short-term tests, indicating 
the absence of fouling under the applied operating conditions. 
This favorable performance may also be attributed to the pre-
treatment of the feed solution using a ceramic microfiltration 

Permeate flux, m3/m2h
min max mean SD

MF1 0.043 0.056 0.048 0.0039
MF2 0.067 0.093 0.078 0.0066
MF3 0.054 0.071 0.063 0.005
UF1 0.028 0.028 0.028 0
UF2 0.049 0.069 0.058 0.0079
UF3 0.136 0.152 0.143 0.0075
NF1* 0.013 0.013 0.013 0
NF2* 0.009 0.009 0.009 0

Table 4: Permeate flux for membranes tested in short-term experiments

* preceded by MF3
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membrane, which likely reduced the fouling potential of the 
feed stream.

The selection of membranes for further long-term testing 
was based not only on their transport properties but, above all, 
on their effectiveness in removing specific groups of pollutants 
from the surface water.

The raw water was characterized by a moderate 
concentration of organic matter (DOC < 5 mg C/L). Size 
exclusion chromatography (SEC) analysis indicated that 
the organic fraction consisted primarily of humic acids with 
molecular weights of approximately 1 kDa and proteins with 
molecular weights below 0.15 kDa (Figure 4). These findings 
are consistent with the SUVA values, which ranged from 2.4 
to 3.4 L/mg·m, suggesting the presence of a mixture of humic 
substances with varying molecular weights.

As shown in Table 5, among the microfiltration membranes 
tested, the best water treatment performance was achieved 
with the MF3 ceramic membrane. All membranes provided 
more than 90% removal of suspended solids and more than 
95% turbidity reduction. Since particles larger than 5 µm are 
primarily responsible for water turbidity (Folorunso et al. 2022), 
such high turbidity removal efficiencies were expected for all 
tested membranes. Moreover, the removal of suspended solids 
and turbidity remained stable throughout each filtration cycle.

In contrast, the removal efficiency of organic matter by 
the microfiltration membranes was significantly lower. It did 
not exceed 35% for color, 19% for UV absorbance at 254 nm, 
18% for TOC, or 17% for DOC. Similarly low organic matter 
removal efficiencies for microfiltration have also been reported 
by Metsämuuronen et al. (2014). This limited performance 
results from the relatively large membrane pore size (0.2 

µm) and the low molecular weight of the organic compounds 
present in the treated water.

At the same time, for the parameters characterizing organic 
matter content (TOC, DOC, color, and UV254), a gradual 
increase in separation efficiency was observed over the course 
of the process. This effect was most likely associated with 
membrane fouling and, in particular, with the formation of an 
additional dynamic (cake) layer on the membrane surface. A 
similar phenomenon was reported by Celik et al. (2022).

Ultrafiltration tests (Table 5) demonstrated that only the 
dense UF1 membrane enabled significant removal of organic 
matter, achieving approximately 76% reduction in DOC, 82% 
reduction in color, and 75% reduction in UV254 absorbance. 
Particle size distribution analysis of the raw water (Fig. 4a) 
indicated that compounds with molecular weights in the range 
of 0.9–1.5 kDa predominated. Considering the manufacturer-
declared molecular weight cut-off (MWCO) of 1.5–3.5 kDa 
for the UF1 membrane, these compounds were removed with 
high efficiency.

Spectrophotometric analysis (Fig. 4b) further confirmed 
the presence of humic acids in the raw water, in addition 
to proteins and fulvic acids. Humic acids were effectively 
retained by the dense UF membrane. The observed decrease in 
color and UV254 absorbance is directly related to the removal of 
humic substances, which contain aromatic rings and conjugated 
double bonds in their structure (Gomes de Melo et al. 2016).

In contrast, the UF2 and UF3 membranes achieved more 
than 90% removal of suspended solids and turbidity; however, 
their efficiency in removing organic matter was comparable to 
that observed for the microfiltration membranes. For example, 
TOC and DOC removal did not exceed 20%. The MWCO 

Table 5: Removal efficiency of selected water quality parameters using microfiltration and ultrafiltration  membranes

Fig. 4. Particle size distribution (a) and 3-D absorbance spectra (b) for the surface water

Parameter
Retention coefficient, %

MF1 MF2 MF3 UF1 UF2 UF3
Turbidity 95.9-97.4 97.5-98.1 98.4-99.2 89.6-97.1 94.4-97.6 89.6-97.1
TOC 6.3-7.7 8.6-13.6 11.2-17.7 74.1-78.0 9.2-22.5 14.9-19.4
DOC 5.1-7.0 7.8-10.7 10.5-17.0 74.1-77.6 14.1-20.4 13.4-18.6
Color 26.4-34.8 27.5-33.2 25.7-34.1 79.6-86.1 26.8-33.5 20.6-26.8
UV254 11.2-13.4 9.7-12.5 12.1-19.1 70.7-76.5 13.1-18.8 10.7-15.1
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values of these membranes were 20 kDa (UF2) and 50 kDa 
(UF3), which, given the relatively low molecular weight of 
the organic compounds present in the treated water, explains 
their limited separation performance. Similar conclusions were 
reported by Prihartini Aryanti et al. (2025), who demonstrated 
that only tight ultrafiltration membranes are effective for the 
removal of natural organic matter (NOM) from surface waters.

During the short-term experiments with nanofiltration 
modules, the surface water was pretreated using the MF3 ceramic 
microfiltration membrane. As a result, the feed stream supplied to 
the NF modules was practically free of suspended solids.

As shown in Table 6, both nanofiltration membranes achieved 
organic matter removal efficiencies exceeding 90%, with slightly 
higher retention observed for the NF2 membrane. In addition, 
nanofiltration reduced water hardness by more than 30%. SEC 
analysis of the NF permeate (Figure 5) indicated that it mainly 
contained proteins with molecular weights below 0.15 kDa.

The high efficiency of organic matter removal is consistent 
with findings of other researchers (Liu et al. 2021, Yuksekdag et 
al. 2023), who have demonstrated that organic macromolecules, 
due to their relatively high molecular weight (compared to 
the MWCO of NF membranes) and their negative charge, are 
effectively retained during nanofiltration.

Although the NF1 and NF2 membranes have similar 
MWCO values, they differ in membrane material: NF1 is 
made of polyamide, whereas NF2 is fabricated from modified 
polytetrafluoroethylene (PTFE). The latter material is more 
hydrophobic, which may contribute to a lower permeate 

flux but, at the same time, may reduce convective transport 
of organic compounds through the membrane, potentially 
enhancing their retention.

Transport and separation properties of micro-, ultra-, 
and nanofiltration membranes in long-term testing

Given that the primary objective in selecting the 
treatment technology was to produce high-quality treated 
water, membranes for long-term experiments were selected 
primarily on the basis of  their separation performance. The 
results of the short-term experiments indicated that the MF3 
microfiltration, UF3 ultrafiltration, and NF2 nanofiltration 
membranes exhibited the best separation properties, and these 
were therefore selected for extended testing. 

Before assessing the overall surface water treatment 
efficiency of the integrated membrane systems, long-term 
experiments were conducted using both the best-performing 
membranes (MF3 and UF3) and membranes with lower 
separation efficiency (MF1 and UF2). As shown in Figure 6, 
the separation performance of both micro- and ultrafiltration 
membranes remained largely unchanged throughout the test 
period. This stability was observed for membranes subjected 
to backwashing (MF3 and UF3) as well as for those operated 
without this cleaning procedure (MF1 and UF2).

For turbidity removal, the microfiltration membranes 
achieved average reductions of 92.5% (MF1) and 90.5% (MF3), 
while the ultrafiltration membranes reduced turbidity by 97.1% 
(UF2) and 95.4% (UF3). In contrast, the low molecular weight 
of the organic compounds present in the water resulted in 
limited removal during long-term experiments: DOC reduction 
reached only 17.2%, 27.0%, 31.1%, and 29.7% for MF1, MF3, 
UF2, and UF3, respectively. Among the removed organic 
matter, nearly half was biodegradable, with average BDOC 
removal efficiencies of 44.7%, 43.6%, 46.3%, and 44.8% for 
MF1, MF3, UF2, and UF3, respectively.

Throughout the long-term experiments, all tested low-
pressure membranes achieved complete (100%) retention 
of Escherichia coli and Clostridium perfringens spores. 
Similarly, the removal efficiency of total cell counts (TCC) was 
close to 100%, regardless of membrane type. Nevertheless, 
some bacteria were still detected in the permeate, with 
the microfiltration membranes allowing several times 
more bacterial passage than the ultrafiltration membranes 

Parameter Retention coefficient, %
NF1 NF2

TOC 93.2-96.0 96.1-97.4
DOC 93.3-95.9 95.9-97.4
Color 94.9-96.8 96.1-96.6
UV254 88.0-96.5 94.9-96.1
Hardnes 29.4-33.3 31.7-33.0
Conductivity 39.9-48.2 39.3-47.0
Cl- 3.9-9.7 6.4-11.2

Table 6: Removal efficiency of selected water quality 
parameters using nanofiltration  membranes

Fig. 5. Particle size distribution (a) and three-dimensional absorbance spectra (b) of NF2 nanofiltration permeate
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Fig. 6. Separation properties of micro- and ultrafiltration membranes during long-term experiments

Microfiltration Ultrafiltration

Comparison of surface water treatment efficiency using integrated pressure-driven membrane...



54	

(Figure 6). The significantly higher bacterial removal efficiency 
observed for both ultrafiltration membranes may help reduce 
the required disinfectant dosage in subsequent stages of water 
treatment.

Long-term testing with the MF and UF membranes 
confirmed that MF3 and UF3 exhibit the best separation 
performance. Consequently, in evaluating the effectiveness 
of surface water treatment in an integrated system, these 
membranes were used for pretreatment prior to filtration 
with the NF2 nanofiltration membrane. Regardless of the 
pretreatment applied, the nanofiltration process ensured water 
softening, which was the primary objective of incorporating 
nanofiltration into the treatment train. At the same time, the 
reduction in salinity (degree of demineralization) resulting 
from NF did not necessitate remineralization of the treated 
water, which may be required when reverse osmosis (RO) is 
used. (Gao et. al. 2022).

These experiments also enabled a comparison of the 
performance of the integrated membrane system and that of 
a conventional treatment system comprising coagulation, 
sedimentation, rapid sand filtration, and activated carbon 
adsorption. Long-term experiments on surface water treatment 
using integrated MF3–NF2 and UF3–NF2 processes (Figure 7) 
showed that, during the initial stage of operation, pretreatment 
with the UF membrane provided higher hydraulic performance 
of the NF2 membrane, although this advantage diminished 
over time. In contrast, when nanofiltration was preceded 
by microfiltration, the permeate flux of the NF2 membrane 
remained nearly constant throughout the experiment.

A comparison of the surface water treatment efficiency 
of the integrated membrane processes with that of the  
conventional treatment system (Figure 8) shows that, over 
long-term experiments, the membrane processes achieved 
substantially higher removal of organic matter. Specifically, 
average reductions of more than  95% in color, 93% in DOC, 
and 93% in UV254 absorbance were observed, compared 
with 76%, 50%, and 61%, respectively, for the conventional 
treatment system.

Long-term experiments also demonstrated that the 

treated water quality in the MF+NF and UF+NF systems 
was comparable, regardless of whether microfiltration or 
ultrafiltration was used as the low-pressure membrane 
pretreatment step. In the conventional treatment system, despite 
confirmed microbiological activity in the adsorption beds, the 
removal of biodegradable dissolved organic carbon (BDOC) 
was nearly 50% lower than that achieved by membrane 
systems, with similar results obtained regardless of the type of 
low-pressure membrane used for pretreatment. 

Significant differences between the treatment systems 
were also observed in terms of  total cell count, which directly 
affects the required disinfectant dosage. Only the integrated 
UF+NF system reduced cell counts to a level sufficient to 
ensure biological stability. In contrast, water treated by the 
conventional system contained 15 and 5 times more cells than 
water treated by the UF+NF and MF+NF systems, respectively. 

Furthermore, treatment using integrated membrane systems 
achieved  average reductions of 21% in total hardness and 
76% in sulfate concentration. The removal of these inorganic 
components by nanofiltration also led to a substantial decrease 
in water conductivity—43% for MF+NF and 45% for UF+NF, 
which  could not be achieved with the conventional treatment 
system. As shown in Figure 9, none of the unit processes in the 
conventional system effectively removes inorganic ions, and 
coagulation could even increase water salinity. For example, 
the use of polyaluminium chloride as a coagulant led to a 6% 
increase in conductivity.

The study also enabled a comparison of the removal 
efficiency of different fractions of organic compounds present 
in the water. Particle size distribution analysis (Figure 10) 
showed that, following conventional water treatment, the 
relative proportions of the individual fractions remained 
similar to those in the raw water. Treatment with low-pressure 
membrane processes slightly reduced the overall organic 
matter content and partially removed the larger fractions 
with molecular weights above 1.0–1.5 kDa. In contrast, 
nanofiltration effectively retained most of the organic matter, 
allowing only low-molecular-weight natural organic matter 
(NOM) with molecular weights below 0.15 kDa to remain in 

Fig. 7. Effect of surface water pretreatment on NF membrane permeate flux during long-term tests
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Fig. 8. Comparison of water treatment efficiencies of MF+NF and UF+NF membrane processes with a conventional system 
comprising coagulation, sedimentation, rapid sand filtration, and granular activated carbon adsorption

MF+NF UF+NF
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the permeate.
The substantial effect of nanofiltration on the removal 

of medium- and high-molecular-weight organic substances 
is reflected in the average concentrations of the individual 
fractions in the feed water and in the treated water from each 
treatment system. As shown in Figure 11, pretreatment with 
ultrafiltration prior to nanofiltration enhanced the removal 
of particles with molecular weights above 0.7–0.9 kDa. In 
contrast, the conventional treatment system achieved average 
removal efficiencies of only 69.1% and 71.4% for particles in 
the 0.7–0.9 kDa and 1.0–1.5 kDa molecular weight ranges, 
respectively.

It should also be noted that the lowest molecular weight 
fraction (<0.15 kDa) was removed less efficiently in all 
systems, with removal efficiencies ranging from 2.4 to 
40.4% for the conventional system, from 1.4 to 31.4% for the 
MF+NF system, and from 9.8 to 44.8% for the UF+NF system. 
The marked reduction in organic matter achieved with the 
integrated MF+NF and UF+NF systems significantly lowers 
the risk of disinfection by-product formation (Chaukura et 
al. 2020). 

The removal of medium- and high-molecular-
weight organic substances in the integrated membrane 
systems resulted in a marked increase in the proportion of 

biodegradable dissolved organic carbon (BDOC) within the 
total organic carbon (TOC) fraction (Figure 12). In contrast, 
the conventional water treatment system showed only a 
negligible increase in the BDOC fraction. A high proportion 
of biodegradable organic matter in the treated water indicates 
that these compounds are readily available to microorganisms 
in the distribution system, thereby increasing the risk of 
secondary microbial growth within the water supply network 
(Ndiongue et al. 2005).

Costs analysis
The costs of water treatment in the conventional system 

included coagulation, filtration, and adsorption, with the unit 
costs for each stage summarized in Table 7.

The cost of coagulation in the conventional system 
depended primarily on the type of coagulant used and, to a 
lesser extent, on its dosage, with higher costs associated with 
pre-hydrolyzed coagulants.

In the integrated membrane systems (MF+NF and UF+NF), 
electricity consumption accounted for the largest share of total 
operational costs, exceeding 90%. The overall water treatment 
costs in these systems (Table 8) varied considerably, largely due 
to the need to heat the feed water to maintain stable permeate 
flux. During periods of declining feed water temperature, the 

Fig. 9. Effect of water treatment method on conductivity (a) and chloride ion concentration (b)

Fig. 10. Size exclusion chromatography of water treated by conventional processes (a) and membrane processes (b)
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feed water was heated to 5 °C. This was intended to reduce 
the adverse effect of increasing water viscosity on membrane 
hydraulic performance. 

The operational costs observed in this study were 
substantially higher than those reported by other researchers 
(Othman et al. 2021), likely due to the higher operating 
pressures applied during microfiltration and ultrafiltration. 
Additionally, the MF+NF system incurred higher operational 
costs than UF+NF system, reflecting the significantly lower 
permeate flux achieved with microfiltration.

Eliminating the water heating step prior to MF and UF 
processes can considerably reduce treatment costs. However, 
even without water heating, the cost of the MF+NF system 
remains approximately 33 times higher than that of the 
conventional water treatment system, while the cost of the 
UF+NF system is approximately 20 times higher. 

It should also be noted that these cost estimates are 
associated with  considerable uncertainty due to  the relatively 
small scale of the experimental setup.

Conclusions
The study demonstrated that:

-	 Integrated membrane systems (MF+NF and UF+NF) 
achieved significantly higher removal of organic matter, 
with average reductions exceeding 95% for color, 93% 
for DOC, and 93% for UV254 absorbance, compared with 
76%, 50%, and 61%, respectively, for  the conventional 
treatment system. 

-	 Surface water treatment using integrated membrane 
systems removed biodegradable dissolved organic carbon 
(BDOC) more effectively  than conventional treatment 
system.

-	 Integrated membrane systems removed microorganisms far 
more efficiently than the conventional treatment systems; 
water treated by the conventional system contained  15 and 
5 times more cells  than water treated by the UF+NF and 
MF+NF systems, respectively.

-	 Treatment using the integrated MF+NF and UF+NF 
systems reduced water salinity and achieved water 
softening, whereas the conventional treatment system 
increased  water salinity.
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Porównanie skuteczności oczyszczania wód powierzchniowych z wykorzystaniem 
zintegrowanych ciśnieniowych procesów membranowych oraz systemów 

konwencjonalnych

Ciśnieniowe techniki membranowe są coraz częściej stosowane w uzdatnianiu wód naturalnych jako alternatywa 
dla konwencjonalnych procesów fizyczno-chemicznych. Sprawia to, że niezbędne staje się porównanie skuteczności 
obu tych podejść, szczególnie w warunkach długotrwałej eksploatacji. W fazie wstępnej badań przeprowadzono testy 
krótkookresowe, aby na podstawie właściwości separacyjnych i transportowych wyłonić najodpowiedniejsze membrany: 
do dalszych badań długofalowych wybrano dwie z trzech membran do mikrofiltracji (MF), dwie z trzech do ultrafiltracji 
(UF) oraz jedną z dwóch do nanofiltracji (NF). Podczas wspomnianych testów długookresowych oceniano efektywność 
oczyszczania wód powierzchniowych w zintegrowanych układach MF+NF oraz UF+NF, a następnie porównano ją ze 
skutecznością konwencjonalnego układu technologicznego obejmującego koagulację, sedymentację, filtrację oraz 
adsorpcję. Wyniki wskazują, że zintegrowane układy MF+NF lub UF+NF pozwalają na uzyskanie znacznie wyższej 
efektywności oczyszczania niż procesy konwencjonalne; przykładowo, redukcja rozpuszczonego węgla organicznego 
(DOC) wyniosła 93% w systemach membranowych wobec 50% w metodach konwencjonalnych. Procesy membranowe 
umożliwiają również wysoce skuteczne usuwanie specyficznych mikroorganizmów, co jest nieosiągalne przy zastosowaniu 
tradycyjnych metod uzdatniania. Ponadto zintegrowane układy MF+NF oraz UF+NF obniżają zasolenie wody i zapewniają 
jej zmiękczenie, podczas gdy systemy konwencjonalne wykazują tendencję do zwiększania zasolenia. Analiza kosztów 
eksploatacyjnych wykazała, że układ UF+NF jest o niemal 50% tańszy niż układ MF+NF. Niemniej jednak oba systemy 
oparte na technikach membranowych pozostają kilkukrotnie droższe od konwencjonalnego uzdatniania wody. Badania 
pokazały, że zastosowanie zintegrowanych procesów membranowych pozwala na uzyskanie wody o lepszej jakości niż  
w wypadku użycia procesów konwencjonalnych.

Comparison of surface water treatment efficiency using integrated pressure-driven membrane...
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Abstract: Wastewater treatment plants serve as both barriers against and gateways for the environmental dissemination 
of antibiotic resistance genes (ARGs), yet the scientific community's collective research priorities over the past two 
decades have shaped – and been shaped by – critical knowledge gaps that now constrain effective risk management. 
Through systematic analysis of 2,894 publications (2004-2024) from the Web of Science Core Collection, this study 
identifies three fundamental imbalances that undermine progress toward resistance control. First, a source-research 
misalignment: livestock wastewater, responsible for >50% of global antibiotic consumption, accounts for merely 
5.55% of research attention, while municipal wastewater – with lower selective pressure – dominates at 68.98%, 
leaving the most significant resistance reservoir critically understudied. Second, a mechanism-application disconnect: 
fundamental research on horizontal gene transfer predominantly utilizes hospital-derived clinical isolates, yet hospital 
wastewater research constitutes only 25.47% of publications, limiting the translational value of mechanistic insights. 
Third, a risk-investment mismatch: although "super resistance genes" (mcr-1, blaNDM) with demonstrated clinical 
impact have emerged as post-2020 research hotspots, targeted control technologies remain in early development, with 
78% of treatment studies focusing on conventional processes that are inadequate for high-risk gene elimination. China 
leads global output (1,184 articles, 40.9%) but exhibits lower average citations (24.1), suggesting a scale-depth trade-
off. Temporal analysis reveals three paradigm shifts—from mechanism cognition (2004-2007), through technical 
standardization (2008-2013), to risk management (2014-2024) – with current emphasis on "pollution," "surveillance," 
and "generation" signaling integration of resistome research with intelligent early-warning technologies. 
Addressing these imbalances requires: (1) rebalancing research investment toward livestock-associated resistance 
through targeted funding mechanisms; (2) developing translational frameworks that connect mechanistic insights 
(e.g., MGE-mediated transfer) to source-specific intervention design; and (3) prioritizing technology development 
for high-risk gene elimination (tet, mcr-1, blaNDM) over incremental optimization of conventional processes. This 
analysis transforms bibliometric patterns into actionable scientific priorities, providing a roadmap for transitioning 
from reactive monitoring to proactive resistance control

© 2026. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-
ShareAlike 4.0 International Public License (CC BY SA 4.0, https:// creativecommons.org/licenses/by-sa/4.0/legalcode), 
which permits use, distribution, and reproduction in any medium, provided that the article is properly cited.

Introduction
Since Alexander Fleming, a British microbiologist, 

discovered and successfully isolated penicillin in 1928, 
antibiotics have been applied in human medicine, livestock 
breeding, and agricultural production for over ninety years. 
However, the widespread and often excessive use of antibiotics 
has led to their persistent residues in environmental matrices, 
creating an ecological selection pressure that drives the 
evolution and dissemination of antibiotic-resistant bacteria 
(ARB) and ultimately results in the continuous accumulation 
and spread of antibiotic resistance genes (ARGs) in the 
environment (Malayil et al. 2022, Murray et al. 2022). Unlike 
chemical pollutants, ARGs, as an emerging class of biological 

contaminants, exhibit significant environmental persistence and 
biological activity. They can propagate across different bacterial 
strains, environmental compartments, and even organisms via 
horizontal gene transfer (HGT) through mobile genetic elements 
(MGEs) such as integrons and transposons (Ben et al. 2017, 
Jian et al. 2021). Their expression directly confers resistance 
to bacteria, substantially elevating the risk of clinical treatment 
failure (Chen et al. 2013, Rizzo et al. 2014). The World Health 
Organization has unequivocally stated that infections caused 
by multidrug-resistant pathogens pose a major threat to global 
public health security (Murray et al. 2022).

In this context, wastewater treatment plants (WWTPs) 
have been confirmed to act both as sinks for ARGs and as 



	  	 61

secondary emission sources disseminating them into the 
natural environment (Michael-Kordatou et al. 2018). The high 
organic load, complex microbial communities, and biofilm 
microenvironments within activated sludge systems provide 
ideal conditions for the horizontal gene transfer of ARGs 
(Zhao et al. 2025). Therefore, a thorough understanding of 
the distribution characteristics, transmission mechanisms, and 
control strategies of ARGs in wastewater treatment systems has 
become a critical research topic in the field of environmental 
microbiological safety.

Bibliometrics, a core method of scientometrics since its 
formal introduction by Pritchard in 1969, has demonstrated 
a powerful capacity for constructing knowledge maps 
across multiple disciplines. This method systematically 
deconstructs the knowledge architecture, paradigm shifts, 
and interdisciplinary intersections of academic literature 
based on authoritative databases and statistical analysis (Qian 
et al. 2015, Parida et al. 2021, Magro et al. 2020, Cadore 
et al. 2020). It has been successfully applied to research on 
emerging pollutants such as perfluorinated compounds and 
microplastics (Chen et al. 2022, Zhong et al. 2023, Zheng et al. 
2019). However, systematic bibliometric analyses specifically 
focusing on ARG research in wastewater remain relatively 
scarce. Existing reviews predominantly concentrate on specific 
technological advancements, lacking a comprehensive, macro-
scale revelation of the imbalances in research power dynamics 
and the evolutionary patterns of research hotspots within this 
field (Wen et al. 2024, Zheng et al. 2018, Tiernoa et al. 2017). 
Critical questions remain unanswered: Is there a structural 
imbalance in research investment across different wastewater 
sources (municipal, hospital, livestock)? How has research 
shifted over time? These issues lack quantitative evidence 
derived from knowledge mapping.

 Addressing this gap, the present study conducts a systematic 
bibliometric and visual analysis of global research on ARGs 
in wastewater treatment systems. Utilizing 2,894 publications 
indexed in the Web of Science Core Collection from 2004 
to 2024 as the data source, and employing VOSviewer and 
CiteSpace for analysis, this study aims to: (1) analyze annual 
publication trends and characteristics of highly cited papers to 
delineate the field’s development trajectory; (2) identify core 
countries, institutions, and journals to reveal the landscape 
of research forces; and (3) track the migration trajectory of 
research hotspots and identify structural imbalances through 
keyword burst detection, timezone mapping, and cluster 
analysis.

 This investigation is expected to provide a systematic 
knowledge framework for future ARG-related research and 
offer a reference for risk management and technological 
innovation concerning ARGs in wastewater treatment systems.

Materials and Methods
Visualization Tools

This study employs VOSviewer (version 1.6.20) and 
CiteSpace (version 6.3.R1) to conduct a bibliometric analysis 
and visual presentation of the retrieved data. VOSviewer, 
developed by the team of van Eck and Waltman at Leiden 
University in the Netherlands, excels in network construction 
and multi-dimensional visualization of large-scale literature 
data, effectively revealing the co-occurrence structures and 

clustering characteristics of research themes (Jiang et al. 2022). 
CiteSpace focuses on detecting the knowledge evolution 
trajectory and research frontiers within a scientific domain. 
Through citation network analysis, keyword co-occurrence, 
and timezone mapping, it identifies pivotal node literature, 
core research forces, and evolutionary trends of hotspots (Xu 
et al. 2022, Zare et al. 2022). The combined use of these two 
tools provides complementary insights, enabling a systematic 
presentation of the knowledge structure and evolutionary 
patterns of this field.

Data Sources and Search Strategies
This study utilized the Web of Science Core Collection as 

the data source, with the retrieval time span set from January 
1, 2004, to May 1, 2024. The retrieval strategy employed a 
topic search, with the specific search query formulated as: 
TS = (“antibiotic resistance gene”) AND TS = (“wastewater 
treatment”). The document types were limited to Articles 
and Reviews, yielding a total of 2,894 relevant publications. 
The full records and cited references of all these publications 
were exported in plain text format, serving as the foundational 
dataset for subsequent analyses.

To further investigate the distribution characteristics of 
ARG research across different wastewater sources, a secondary 
classification was performed on the 2,894 publications. Based 
on an analysis of abstracts and keywords, the publications were 
categorized into four groups: municipal wastewater, hospital 
wastewater, livestock breeding wastewater, and other types of 
wastewaters. This classification aims to reveal the disparities 
in research attention paid to ARG issues originating from 
different pollution sources, thereby providing data to underpin 
the identification of a “structural imbalance” in the research 
landscape.

Results
Publication Trends and Highly Cited Articles:  
A Two-Decade Analysis
Annual Publication Trends

Annual publication output and citation frequency of 
scholarly literature serve as core indicators for assessing the 
developmental trajectory of a scientific field (Liu et al. 2021, 
Zhang et al. 2022). Since 2004, both the annual number of 
publications and citation frequency in global research on ARGs 
in wastewater have exhibited a sustained and rapid growth 
trend, indicating increasingly widespread academic attention 
to this field (Figure 1a).

Based on publication trends and key milestone events, the 
research trajectory of ARGs in wastewater can be delineated 
into four phases.

The Initial Exploration Phase (2004–2010): During this 
period, annual publications numbered fewer than 50, and 
research lacked a systematic framework, primarily focusing 
on the ecological effects of clinical antibiotic residues. ARG 
detection relied mainly on traditional culture-based methods 
and conventional polymerase chain reaction (PCR), with 
research efforts concentrated predominantly in the medical 
field (Schwartz et al. 2006, Silva et al. 2006). 

The Policy-Driven Phase (2011–2014): The World Health 
Organization’s global call to combat antibiotic resistance in 
2011 and the release of the Global Action Plan on Antimicrobial 
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Resistance in 2014 catalyzed an initial paradigm shift in 
research (Grimbs et al. 2017, Millet et al. 2011). The research 
scope expanded from clinical settings to environmental 
matrices, PCR detection techniques became standardized, and 
research focus gradually shifted toward point-source pollution 
represented by wastewater treatment plants, although the 
publication growth rate remained relatively modest (Rizzo et 
al. 2013, Michael et al. 2013).

The Deepening Breakthrough Phase (2015–2019): 
Multidisciplinary integration propelled the annual publication 
growth rate to 15%. Key advancements manifested in three 
dimensions: First, the characterization of ARG environmental 
distribution systematically revealed the abundance profiles 
of ARGs in environments such as wastewater treatment 
plants and livestock farms (Guo et al. 2017, Ma et al. 2021). 
Second, methodological innovations in detection technology, 
particularly the application of metagenomics, transcended the 
target limitations of PCR and enabled comprehensive profiling 
of ARGs (Zhu et al. 2023, Zhao et al. 2018). Third, theoretical 
advancements in transmission mechanisms systematically 
elucidated horizontal gene transfer and biofilm-mediated 
effects (Zhang et al. 2024, Yang et al. 2019).

The Exponential Growth Phase (2020–2024): Research 
entered a rapid development trajectory, with publication 
volume increasing exponentially. Research foci exhibited 
three major shifts: from single-compartment investigations to 
quantification of multi-source contributions, with systematic 
assessments of ARG input fluxes from hospital, agricultural, 
and municipal wastewater (Yang et al. 2024, Zhang et al. 
2024); from optimization of conventional treatment processes 
to exploration of emerging technologies, with cutting-edge 
approaches such as CRISPR gene editing and single-molecule 
tracking being applied to ARG mitigation (Wang et al. 2025, 
Brown et al. 2024); and from phenomenological descriptions 
to mechanistic elucidations, with continuous deepening of 
research on ARG transmission pathways and driving factors  
(Liang et al. 2022, Madhogaria et al. 2024, Zheng et al. 2017).

However, with the diversification of research foci, internal 
imbalances have become increasingly prominent. As shown in 
Figure 1(b), global research on ARG pollution across different 
wastewater matrices exhibits significant uneven distribution. 
The latest bibliometric data indicate that municipal wastewater 
treatment plants, as a hotspot for ARG research, account for 
68.98% of related publications, far exceeding the proportions 
for medical wastewater (25.47%) and livestock wastewater 
(5.55%). This pronounced gradient disparity in scientific 
research output reveals a critical blind spot in environmental 
governance: although agriculture and animal husbandry 
represent the primary sectors for antibiotic use, research 
investment into the migration and transformation mechanisms 
of ARGs in livestock wastewater and agricultural environments 
remains notably insufficient. This situation serves as a warning 
that future research should establish a comprehensive “human-
animal-environment” monitoring network to address the lag 
in risk assessment of agricultural-source antibiotic resistance 
pollution.

China ranks first globally in this research domain in both 
total publications (1,184 articles) and total citations (28,476 
citations), underscoring its central position in the field of ARGs 
in wastewater research.

Core Themes of Highly Cited Literature
Highly cited literature reflects the foundational knowledge 

and core concerns of a research field. Table 1 summarizes the 
top 10 most frequently cited studies. Concerning environmental 
distribution and fate, Zhang et al. (2015) revealed the multi-
source input, transport, transformation, and dynamic behavior 
of antibiotics in the environment through multimedia modeling 
and first proposed a potential correlation between antibiotic 
discharge and ARG enrichment. Baquero et al. (2008) 
comprehensively reviewed the distribution, sources, and 
transmission mechanisms of antibiotics and ARGs in aquatic 
environments from a macro perspective, explicitly identifying 
water systems as key reservoirs for resistance dissemination. 
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Figure 1. (a) The global and Chinese publication and citation quantities from 2004 to 2024 
(b)The publication and citation quantities of ARGs in municipal wastewater, medical 
wastewater, and livestock farm wastewater globally 
 

Table 1.  Information about top 5 highly cited papers. 

Rank Journal title Author Year Citations Country 

1 
Environmental 
science & tech-

nology 

Comprehensive Eval-
uation of Antibiotics 
Emission and Fate in 
the River Basins of 

China: Source Analy-
sis, Multimedia Mod-
eling, and Linkage to 
Bacterial Resistance 

Zhang 
Q.Q. 2015 2741 China 

2 Science of the 
total environment 

Urban wastewater 
treatment plants as 

hotspots for antibiotic 
resistant bacteria and 
genes spread into the 
environment: A re-

view 

Rizzo L. 2013 1571 Italy 

3 Water research 

Urban wastewater 
treatment plants as 
hotspots for the re-

lease of antibiotics in 
the environment: A 

review 

Michael 
I . 2012 1417 Cyprus 

4 Current opinion Antibiotics and anti- Baquero 2008 1407 Spain 

Fig 1. (a) The global and Chinese publication and citation quantities from 2004 to 2024 (b)The publication and citation quantities  
of ARGs in municipal wastewater, medical wastewater, and livestock farm wastewater globally.

Zhizhen Yin, Fengyang Han, Qinhui He
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Pruden et al. (2006), investigating a wastewater treatment plant 
in Colorado, USA, employed high-throughput quantitative 
PCR to elucidate the dynamics of ARGs during treatment 
processes, laying the conceptual foundation for ARGs as 
“emerging environmental contaminants”. 

In terms of pollution source apportionment, Rodriguez-
Mozaz et al. (2015) comparatively analyzed the distribution 
characteristics of antibiotics and ARGs in municipal 
wastewater and hospital wastewater from a Chinese city, 
finding that their input contributions to receiving water bodies 
significantly exceeded background levels and confirming 
hospital wastewater as a crucial source of riverine ARG 
pollution. Guo et al. (2017) employed metagenomic approaches 
to identify 18 major classes and 578 ARG subtypes in a full-
scale wastewater treatment plant, quantifying ARG persistence 
and removal efficiencies and thereby providing high-resolution 
data for process efficacy assessment. Karkman et al. (2017) 
detected the dominance of sulfonamide and tetracycline ARGs 
in antibiotic production wastewater and found a significant 
correlation between the abundance of class 1 integrons (intI1) 
and sulfonamide resistance gene levels, revealing the critical 
role of mobile genetic elements in ARG dissemination. 

Regarding control strategies and mechanisms, Wang et al. 
(2020) systematically reviewed the concentration ranges of 
antibiotics (10-3–104 μg/L) and ARGs (104–1012 copies/L) in 
municipal wastewater treatment plants, noting that the removal 
efficiencies of ARGs by anaerobic and aerobic treatment 
processes varied depending on gene type and structural 
configuration. Mao et al. (2015) further discovered that 
optimizing microbial community structure could significantly 
enhance ARG removal efficiency, providing a theoretical basis 
for bioaugmentation strategies.

In terms of journal distribution, among the aforementioned 
top 10 highly cited publications, Water Research accounts 
for four, while Environmental Science & Technology and 
Science of the Total Environment each account for two, 
indicating that these three journals possess core influence in 

the ARG-wastewater research field. Regarding the evolution 
of research themes, early highly cited literature (2006–2013) 
primarily focused on the environmental distribution and 
conceptual establishment of ARGs; the mid-phase (2015–
2017) concentrated on pollution source apportionment and 
process evaluation; and more recent studies (2018–2020) have 
increasingly emphasized transmission mechanisms and control 
strategies. This evolutionary pattern corroborates the research 
phase delineation presented in Section 3.1.1.

Distribution of Core Research Forces by Country, 
Institution, and Journal
Leading Countries by Publication Output

The number of publications indexed in SCI and their 
citation frequencies serve as important indicators for evaluating 
a country’s scientific research capacity and academic influence 
(Liu et al. 2021). Figure 2a illustrates the distribution of the top 
20 countries by publication output in the global research field 
of ARGs in wastewater. Worldwide, authors contributing to this 
field are primarily concentrated in China, the United States, 
Germany, India, Spain, Canada, Poland, the United Kingdom, 
Portugal, and Australia. China leads globally with 1,184 
publications, accounting for 40.9% of the total publications, 
the United States ranks second with 440 publications, Germany 
(153 publications), India (150 publications), and Spain (135 
publications) occupy the third to fifth positions, respectively 
(Figure 2a).

China’s leading position in this field is driven by multiple 
factors (Kümmerer et al. 2009, Ren et al. 2023). First, policy 
guidance: sustained investment through policy documents 
such as the National Action Plan to Contain Antimicrobial 
Resistance (2016–2020, 2022–2025) has provided institutional 
support for ARG research. Second, problem-driven impetus: 
China accounts for approximately 50% of global antibiotic 
usage, with prominent ARG pollution issues in intensive 
livestock farming areas and in surrounding environments of 
wastewater treatment plants, catalyzing substantial applied 

Rank Journal title Author Year Citations Country

1
Environmental 

science & 
technology

Comprehensive Evaluation of Antibiotics 
Emission and Fate in the River Basins 
of China: Source Analysis, Multimedia 

Modeling, and Linkage to Bacterial 
Resistance

Zhang Q.Q. 2015 2741 China

2 Science of the 
total environment

Urban wastewater treatment plants as 
hotspots for antibiotic resistant bacteria and 
genes spread into the environment: A review

Rizzo L. 2013 1571 Italy

3 Water research
Urban wastewater treatment plants as 

hotspots for the release of antibiotics in the 
environment: A review

Michael I . 2012 1417 Cyprus

4 Current opinion in 
biotechnolog

Antibiotics and antibiotic resistance in water 
environments Baquero F. 2008 1407 Spain

5
Environmental 

science & 
technology

Antibiotic resistance genes as emerging 
contaminants: Studies in northern Colorado Pruden A. 2006 1330 USA

Table 1: Information about top 5 highly cited papers.

Two decades of research on antibiotic resistance genes in global wastewater treatment systems: Critical knowledge...



64	

research (Zhang et al. 2015). Third, technological advancement: 
declining costs of metagenomic sequencing have enabled 
large-scale environmental surveys.

Notably, despite China’s leading publication output, its 
average citations per publication (24.1) are lower than those of 
the United States (32.5) and Germany (29.8), indicating room 
for improvement in research “depth” and “impact” (based on 
Web of Science data statistics). However, in terms of total 
citations, China far surpasses all other countries with 28,476 
citations, underscoring its substantial overall contribution to 
the field despite the dilution effect commonly associated with 
large publication volumes.

Regarding country-specific research themes (based 
on keyword co-occurrence analysis), Chinese research 
predominantly focuses on process optimization and pollution 
status surveys, such as evaluating ARG removal efficiencies 
of different treatment technologies. In contrast, the United 
States and European countries demonstrate stronger influence 
in elucidating transmission mechanisms and health risk 
assessment, including mediation mechanisms of mobile 
genetic elements and associations between ARGs and clinical 
resistance (Cacace et al. 2019, Garner et al. 2024). This 
configuration—characterized by a pattern of “leadership in 
scale” coexisting with a “need to catch up in depth,” along 
with differentiated distribution of research themes—provides 

a foundation for future complementary advantages through 
international collaboration.

Core Research Institutions
Based on an analysis of publication output by research 

institutions in the global field of ARGs in wastewater (Table 2), 
the Chinese Academy of Sciences ranks first worldwide with 
245 publications, surpassing the second-ranked institution 
by 116.8%, underscoring its central position in this research 
domain. Following sequentially are the University of Chinese 
Academy of Sciences (113 publications), the Research Center 
for Eco-Environmental Sciences (101 publications), Tsinghua 
University (76 publications), and Harbin Institute of Technology 
(70 publications). Among the top 10 institutions by publication 
output, Chinese research institutions occupy seven positions, 
forming a comprehensive research cluster centered around 
institutions affiliated with the Chinese Academy of Sciences, 
spanning fundamental research, technological innovation, and 
engineering practice.

The dominant position of Chinese research institutions 
in this field benefits from their well-defined division of labor 
and collaborative framework. The Research Center for Eco-
Environmental Sciences focuses on environmental behavior 
and fate analysis of ARGs, Tsinghua University possesses 
advantages in technological innovations such as membrane 
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Table 2. Top 10 Institutions in Global and Chinese Research on ARGs in Wastewater from 
2004 to 2024 by Number of Published Papers 

Top 10 global contributors Publication 
volume Top 10 contributors in China Publication vol-

ume 
Chinese academy of sciences 245 Chinese academy of sciences 245 
University of chinese acade-

my of sciences 113 University of chinese academy 
of sciences 113 

Research center for eco envi- 101 Research center for eco envi- 101 

Fig 2. (a) Number of national publications  (b)Number of journal publications.

Zhizhen Yin, Fengyang Han, Qinhui He

a) b)



	  	 65

separation, and Harbin Institute of Technology has developed 
distinctive strengths in engineering practice areas including 
disinfection process optimization. This complete chain 
of “fundamental research—technological development—
engineering application” provides systematic support for 
China’s continued production of high-quality research outputs 
in the ARG-wastewater field.

Highly Influential Authors
Table 3 lists the top eight scholars by publication output 

in the global research field of ARGs in wastewater, whose 
research directions encompass the core dimensions of this 
field. Su et al. (2017) applied metagenomics to urban sewage 
in China, revealing 381 widely shared resistance genes with 
seasonal variation, and suggesting that the core resistome is 
associated with human gut microbiota and may spread via 
sewage disposal. Manaia et al. (2018) focused on tracking 
methodologies for ARB and ARGs in municipal wastewater 
treatment plants, providing a theoretical foundation for 
establishing standardized monitoring approaches. As 
a corresponding author, Pruden et al. (2024), through 
metagenomic sequencing of 12 wastewater treatment plants 
across six continents, revealed significant inter-gene variability 
in ARG removal efficiencies, with total ARG abundance and 
clinically relevant ARGs being higher in Asian wastewater 
compared to Europe and North America. Yang et al. (2023), 
as the corresponding author, elucidated the inhibitory effects 
of high organic loads and oxytetracycline concentrations 
on nitrifying bacteria, demonstrating that adjusting process 
parameters could reduce relative ARG abundance by 63.2%. 
Liu et al. (2023) systematically evaluated the inactivation 
of ARB and inhibition of plasmid-mediated horizontal gene 
transfer by peroxymonosulfate. The research of these scholars 
collectively constitutes the core knowledge contribution 
network of this field.

Major Publishing Journals
The distribution of journals publishing research on 

ARGs in global wastewater systems is presented in Figure 
2b. Science of the Total Environment ranks first with 
363 publications (accounting for 12.5%), emphasizing 
the investigation of ARG distribution, dissemination, 
and removal mechanisms from an environmental 
systems perspective. Water Research ranks second with 
210 publications (7.25%), focusing on the behavioral 
mechanisms of ARGs in aquatic environments and process 
optimization. Journal of Hazardous Materials ranks third 
with 132 publications (4.56%), with a primary focus on 
targeted treatment technologies for ARGs in high-risk 
scenarios such as pharmaceutical and livestock wastewater.

From the perspective of journal functional differentiation, 
ARG research has formed a complete knowledge chain 
encompassing “mechanisms—technologies—risks.” Frontiers 
in Microbiology (115 publications, 3.97%) elucidates 
ARG hosts and horizontal transfer mechanisms from a 
microbial ecology perspective, Environmental Pollution 
(108 publications, 3.73%) emphasizes ARG distribution 
characteristics and ecological risk assessment, Environmental 
Science & Technology (98 publications, 3.39%) advances 
treatment technology innovation, and Chemosphere (96 
publications, 3.32%) primarily evaluates ARG removal 
efficiencies through laboratory-scale simulation studies. 
The differentiated positioning of these journals collectively 
promotes the multidimensional development of ARG 
research.

Regarding the journal distribution of highly cited literature 
(Table 1), Water Research accounts for four publications, 
while Environmental Science & Technology and Science of the 
Total Environment each account for two, further confirming the 
core influence of these three journals in the ARG-wastewater 
research field.    

Top 10 global contributors Publication 
volume Top 10 contributors in China Publication 

volume
Chinese academy of sciences 245 Chinese academy of sciences 245

University of chinese academy of 
sciences 113 University of chinese academy of 

sciences 113

Research center for eco 
environmental sciences 101 Research center for eco environmental 

sciences 101

Tsinghua university 76 Tsinghua university 76
Harbin institute of technology 70 Harbin institute of technology 70

Centre national de la recherche 
scientifique cnrs 56 Tongji university 55

Tongji university 55 Zhejiang university 53

Universidade catolica portuguesa 55 ‌Institute of Urban Environment, Chinese 
Academy of Sciences 50

Zhejiang university 53 Ministry of agriculture rural affairs 50
Indian institute of technology system 

iit system 50 University of hong kong 44

Table 2: Top 10 Institutions in Global and Chinese Research on ARGs in Wastewater from 2004 to 2024  
by Number of Published Papers
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3.3 Evolution of Research Hotspots and Analysis of 
Structural Imbalance

Analyzing research hotspots requires not only revealing 
the temporal migration trajectory of academic attention but also 
discerning its spatial imbalance across different wastewater 
types. This section systematically examines the evolutionary 
patterns of research foci in ARG-wastewater studies over the 
past two decades through keyword burst detection, timezone 
mapping, and cluster analysis, while elucidating the structural 
mismatch between “hot topics” and “cold sources.”

Keyword Burst Analysis
Keyword burst refers to the phenomenon where the 

frequency of a specific term appearing in academic literature 
exhibits a concentrated surge within a particular time frame. 
This indicator reflects the intensity of research attention and 
the prominence of research themes, with longer burst durations 
indicating more sustained academic interest in that direction.

Bibliometric analysis based on CiteSpace reveals 
significant temporal heterogeneity and thematic evolutionary 
characteristics in keyword bursts within ARG-wastewater 
research from 2004 to 2024 (Table 4). Among these, 
“antimicrobial resistance” (2004–2015), “tetracycline 
resistance” (2007–2018), and “Escherichia coli” (2004–2016) 
represent the three research threads with the longest durations 
and highest burst intensities.

“Tetracycline resistance” emerged as the most 
representative long-term hotspot in this field, with a burst 
intensity of 20.42 and a duration of 12 years (2007–2018). The 
formation of this phenomenon is driven by multiple factors. 
First, massive usage—global annual tetracycline production 
reached 5,000 tons by 2015, with widespread applications 
in livestock breeding, agricultural production, and clinical 

treatment (Kümmerer et al. 2009). Second, environmental 
persistence—tetracycline antibiotics exhibit soil half-lives of 
up to 180 days, and their corresponding resistance genes show 
removal efficiencies of only 20%–40% in wastewater treatment 
systems. Third, co-selection mechanisms—tetracycline 
resistance genes are frequently co-localized with heavy metal 
resistance genes on plasmids, enabling synergistic enrichment 
under metal contamination (Ren et al. 2023).

Notably, despite the prolonged prominence of tetracycline 
resistance research, its primary source—livestock breeding 
wastewater—accounts for merely 5.55% of overall studies in 
this field (Figure 1b). This pronounced mismatch between “hot 
topics” and “cold sources” profoundly reveals the structural 
imbalance characterizing current ARG research. The decline 
in this hotspot’s prominence after 2018 does not signify 
problem resolution but rather reflects a shift in research focus 
toward “super resistance genes” with higher clinical risk and 
greater transmission capacity (such as blaNDM-1, mcr-1), 
exemplifying a “risk-oriented escalation” of research priorities.

Escherichia coli, serving as an indicator organism, 
sustained research attention for 13 years (2004–2016) with a 
burst intensity of 18.18. This bacterium’s 20-minute division 
cycle enables rapid characterization of resistance phenotypes, 
with approximately 40% of clinical isolates carrying multidrug 
resistance plasmids (Yin et al. 2025), establishing it as a key 
model strain for investigating environmental transmission of 
ARGs.

During the 2020–2024 period, research focus significantly 
shifted toward ecological risk prevention and control, with 
three interconnected emerging hotspots: “pollution” (burst 
intensity 18.76), “surveillance” (burst intensity 15.32), 
and “generation” (burst intensity 12.45), marking the deep 

Table 3: Top 8 authors with the highest number of publications on ARGs in wastewater worldwide from 2004 to 2024 
by Number of Published Papers

Zhizhen Yin, Fengyang Han, Qinhui He

Author Number of 
publications Title Total citations Average citations

Su J.Q 65 Metagenomics of urban sewage identifies anextensively 
shared antibiotic resistome in China 212 78.22

Manaia C. 
M. 52 Antibiotic resistance in wastewater treatment plants: 

Tackling the black box 5853 112.56

Zhang T. 42
Plasmid Metagenome Reveals High Levels of Antibiotic 

Resistance Genes and Mobile Genetic Elements in 
Activated Sludge

3807 90.64

Yang M. 39
Unveiling the threshold values of organic and 

oxytetracycline loadings for nitrification recovery of  
a full-scale pharmaceutical wastewater treatment system

1840 47.18

Pruden A. 37 Antibiotic resistance genes as emerging contaminants: 
Studies in northern Colorado 4614 124.7

Harnisz 
M.  34 Antibiotic resistant Escherichia coli in hospital and 

municipal sewage and their emission to the environment 1511 44.44

Liu Y. 33 1325 40.15

Schwartz 
T. 33

Real-time PCR detection of Pseudomonas aeruginosa in 
clinical and municipal wastewater and genotyping of the 

ciprofloxacin-resistant isolates
5420 164.24
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integration of environmental resistomics and intelligent 
monitoring technologies. The “pollution” theme concentrates 
on elucidating pollution mechanisms and innovating 
monitoring technologies. Yan et al. (2024) employed multi-
omics approaches to reveal co-evolutionary patterns of 
ARGs and metal resistance genes in sewage-irrigated paddy 
fields. Soni et al. (2024) developed a microfluidic chip-based 
rapid capture system for resistant bacteria and established a 
transmission risk index based on mobile genetic element 
abundance.  The emergence of the “surveillance” direction 
signifies a strategic shift in research emphasis from “passive 
response” to “active early warning.” Dong et al. (2024), 
through 18-month dynamic monitoring of wastewater systems, 
revealed spatiotemporal distribution patterns of ARGs, with 
source apportionment models indicating that 78.4% of ARG 
host bacteria originate from the human gut microbiome. 
Gholipour et al. (2023) systematically outlined four major 
bottlenecks confronting current wastewater surveillance efforts. 
Addressing these challenges, the World Health Organization 
launched an antibiotic resistance gene source tracing initiative 
in 2023, proposing a three-tier technical framework comprising 
metagenomic census, culturomics-based host resolution, and 
mobile genetic element risk assessment. The emergence of 
the “generation” hotspot stems from fundamental inquiries 
into the environmental behavior mechanisms of antibiotic 
resistance genes. Bengtsson-Palme et al. (2021) modeled 
resistance emergence, suggesting the environment plays a 
minor role in most scenarios, yet large uncertainties demand 

more quantitative data for targeted interventionsMadhogaria 
et al. (2024) proposed an “adsorption-resistance coupling” 
theory, demonstrating that biosorption processes drive adaptive 
evolution of ARGs by altering antibiotic bioavailability.

3.3.2. Time-Zone View Analysis
While Section 3.1.1 delineated the research trajectory into 

four phases based on publication trends and policy milestones, 
keyword time-zone mapping offers a complementary 
perspective centered on the evolution of research content itself. 
As revealed below, this content-based analysis condenses the 
trajectory into three phases, reflecting the intrinsic cognitive 
progression of the field from fundamental mechanisms to 
technical standardization and ultimately to systematic risk 
management. These two frameworks are not contradictory but 
rather illuminate different facets of the field’s development—
the former capturing external drivers, the latter capturing 
internal intellectual shifts.

Compared to keyword burst analysis, time-zone mapping 
provides a more intuitive visualization of keyword occurrence 
frequency and temporal distribution characteristics, facilitating 
the tracking of dynamic evolutionary trajectories of research 
hotspots (Figure 3). The time-zone map constructed in this 
study reveals a clear phased progression in the evolution of 
research hotspots within ARG-wastewater studies.

Phase I (2004–2007): Mechanism Cognition Stage. 
Research hotspots predominantly centered on “antibiotic 
resistance,” “bacteria,” and Escherichia coli. During this 

Table 4: Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin- End 2004~2024
escherichia coli 2004 18.18 2004-2016

Antibiotic resistance 2004 15.73 2004-2015
identification 2004 7.13 2004-2012

tetracydine resistance 2007 20.42 2007-2018
determinants 2007 7.61 2007-2016

bacteria 2004 9.47 2008-2016
sewage treatmentplants 2009 9.9 2009-2018

sewage 2009 7.23 2009-2016
enterobacteriaceae 2009 6.17 2009-2017

real time pcr 2009 5.73 2009-2016
solid phase extraction 2009 5.48 2009-2015

activated sludge 2006 6.94 2010-2014
strains 2011 12.61 2011-2016

south china 2011 6.07 2011-2018
integrons 2009 7.17 2012-2018
resistance 2009 5.16 2012-2014

molecular characterization 2013 6.55 2013-2016
municipal waste water 2012 5.15 2014-2019

sewage treatment plant 2008 6.23 2015-2019
point source 2015 5.43 2015-2018

china 2014 8.42 2017-2018
receiving river 2017 7.41 2017-2018

pollution 2020 6.19 2020-2022
surveillance 2021 5.63 2021-2024
generation 2021 5.5 2022-2024
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phase, studies primarily investigated plasmid-mediated 
resistance gene transmission mechanisms, revealing plasmids 
as core vectors for resistance dissemination (Szczepanowski 
et al. 2004, Tennstedt et al. 2005). Foundational research 
encompassed detection methodologies for resistant bacteria 
and resistance mechanisms, while preliminary assessments of 
treatment process efficacy compared ARG removal efficiencies 
across different technologies (Garcia et al. 2007).

Phase II (2008–2013): Technical Standardization Stage. 
Research hotspots expanded to include “wastewater,” “activated 
sludge,” “gene,” “fate,” and “effluent.” During this period, 
researchers focused on transmission mechanisms linking ARGs 
and mobile genetic elements (Zhai et al. 2016, Zhang et al. 2011). 
Significant methodological standardization advances occurred, 
with applications of PCR, quantitative PCR, and metagenomic 
technologies substantially enhancing monitoring accuracy (Diehl 
et al. 2010, Börjesson et al. 2009). Concurrently, integrated 
treatment strategies began receiving attention (Yang et al. 2013).

Phase III (2014–2024): Risk Management and Control 
Stage. Research hotspots further expanded to encompass 
“microbial community,” “pharmaceutical,” “environment,” 
“tetracyclines,” “removal,” and “degradation.” This phase 
focused on developing and evaluating novel wastewater 
treatment technologies, driving the paradigm shift from 
“single-pollutant removal” toward “comprehensive resistance 
prevention and control” (Zarei-Baygi et al. 2020, Li et al. 2021). 
Multimedium transmission pathways and host evolutionary 
characteristics of ARG environmental dissemination were 
systematically elucidated, with ecological risks associated 
with pharmaceutical wastewater and sludge reuse attracting 
increasing attention (Qiao et al. 2025, Cachetas et al. 2024).

The important conclusions, core viewpoints, and 
breakthrough progress of the above literature have been 
summarized in Table 4.

3.3. Keyword Cluster Analysis
Keyword cluster analysis further reveals the internal 

structure and associative characteristics of research themes. 
This study identified three major clusters (Figure 4), 
corresponding to the three core dimensions of ARG research. 
By correlating cluster themes with the current research status 
across different wastewater types, the “imbalance landscape” of 
the contemporary research landscape can be clearly delineated.

Cluster 1 (Red) encompasses keywords including 
“mechanisms,” “bacteria,” “bacterial community,” Escherichia 

coli, “genes,” “diversity,” “tetracycline resistance,” 
“metagenomic analysis,” “antimicrobial resistance,” 
“disinfection,” and “prevalence.” This cluster focuses on 
fundamental research into ARG transmission mechanisms and 
microbial community evolution. Within wastewater treatment 
plants, plasmid-mediated horizontal gene transfer constitutes 
a crucial mechanism for ARG dissemination, with mobile 
genetic elements such as integrons and transposons playing 
pivotal roles (Yin et al. 2022, Gillings et al. 2015). Reductions 
in bacterial community diversity may potentiate horizontal 
gene transfer of ARGs by intensifying niche competition (Ju 
et al. 2019). Correlation analysis with wastewater types: The 
fundamental mechanism research encompassed in Cluster 1 
is closely associated with the complex and diverse resistance 
mechanisms present in hospital wastewater, which harbors 
clinically relevant resistant bacteria, multidrug resistance 
plasmids, and high abundances of MGEs. However, hospital 
wastewater research accounts for merely 25.47% of global 
ARG literature (Figure 1b). This reveals a critical imbalance: 
the application scenario most requiring mechanistic elucidation 
(hospital wastewater) receives relatively insufficient research 
investment, creating a disconnect between fundamental 
research and application contexts.

Cluster 2 (Green) encompasses keywords including “removal 
of tetracycline,” “degradation,” “microbial community,” 
“performance,” “activated sludge,” “biodegradation,” 
“extracellular polymeric substances,” and “sulfamethoxazole.” 
This cluster emphasizes treatment process efficacy evaluation 
and biodegradation mechanism research. Membrane-aerated 
biofilm reactors exhibit strong degradation capacity for 
sulfamethoxazole (Li et al. 2024), while disinfection processes 
have been systematically evaluated for their ARG removal 
efficiency and effects on conjugative transfer (Lin et al. 2016, 
Guo et al. 2015, Michael-Kordatou et al. 2017). Correlation 
analysis with wastewater types: The process efficacy research 
represented by Cluster 2 primarily serves municipal wastewater 
treatment needs—municipal wastewater is characterized by 
large volumes, well-established collection systems, and mature 
treatment processes. Municipal wastewater research constitutes 
as much as 68.98% of global ARG literature (Figure 1b). This 
indicates that in the municipal wastewater domain, a virtuous 
cycle of “process needs driving technological development” has 
formed, with relatively mature technologies.

Cluster 3 (Blue) encompasses keywords including 
“resistance genes,” “fate,” “wastewater treatment plants,” 
“veterinary antibiotics,” “pharmaceuticals,” “personal care 
products,” and “soil.” This cluster focuses on environmental 
fate and cross-media migration of ARGs. ARGs can 
disseminate across environmental compartments through 
pathways including bioaerosols, groundwater infiltration, and 
sludge migration (Chen et al. 2025), with specific bacterial 
genera serving as critical vectors for ARG transmission (Talat 
et al. 2025). Correlation analysis with wastewater types: The 
environmental fate concerns addressed by Cluster 3 closely 
align with the core risks associated with livestock wastewater—
the cross-media transmission of antibiotics from livestock 
wastewater into soil, crops, and ultimately the food chain 
through manure land application represents a key proposition 
in ARG environmental fate research. However, livestock 
wastewater research accounts for merely 5.55% of global ARG 

Fig 3. Time zone map of keywords in English literature during 
2004~ 2024
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year Research Focus Key Findings reference

2004
Isolation of erythromycin-resistant 
plasmids from activated sludge, 

characterization of plasmid pRSB101

Environmental plasmids like pRSB101 achieve 
cross-host spread via “functional superposition” 
(resistance + adaptability), likely evolving from 
non-resistant plant pathogens through gene 

capture

(Szczepanowski 
et al. 2004)

2005

Complete sequencing of IncP-
1α plasmid pTB11 from sewage, 
comparison with historic plasmid 

RK2

First revelation of high genetic stability and 
functional module conservation of IncP-1α 

plasmids in WWTPs. The skeleton (Rep, Trb, 
Tra) is 99.9% identical to RK2, while Tn402-like 

integrons carry diverse resistance gene cassettes

(Tennstedt et al. 
2005)

2006

Analysis of ciprofloxacin resistance 
mechanisms (gyrA, gyrB, parC 

mutations) in P. aeruginosa from 
wastewater

Environmental ciprofloxacin resistance is 
primarily determined by specific co-mutation 

patterns (e.g., gyrA Thr83Ile and parC Ser87Leu)

(Schwartz et al. 
2006)

2006

Assessment of coliform antibiotic 
resistance and horizontal gene 
transfer potential in influent vs. 

treated water

First demonstration that treated wastewater 
effluent contains strains capable of horizontally 
transferring plasmid-mediated resistance to E. 
coli K-12. Treatment reduces total coliforms but 
enriches the proportion of multi-drug resistant 

(MDR) bacteria.

(Silva et al. 2006)

2007

Comparison of E. coli and 
Enterococcus resistance in two 

WWTPs (with/without hospital input), 
effect of anaerobic digestion

Hospital wastewater significantly increases initial 
resistance ratios in Enterococcus. Anaerobic 
digestion is confirmed to significantly reduce 

MDR Enterococcus and 2-antibiotic resistant E. 
coli

(Garcia et al. 
2007)

2007

Large-scale analysis of Enterococcus 
resistance (983 strains, 42 

samples), risk assessment of sludge 
agricultural reuse

Revealed a 49.4% MDR rate in Enterococcus 
across 14 WWTPs and quantified the reduction 
effect of treatment. Highlights that agricultural 
sludge application is a potential pathway for 

spreading resistant bacteria

(da Costa et al. 
2007)

2010

Monitoring of 11 ARG subtypes 
across treatment stages in a N. 
China WWTP, correlation with 

antibiotic conc

Identified biological treatment units (e.g., anoxic 
ponds, aeration tanks) as key hotspots for ARG 
proliferation, with activated sludge processes 

showing a stronger effect than SBR or bio-contact 
oxidation

(Zhai et al. 2016)

2011

Capture of novel plasmids from 
activated sludge using TRACA 

system, metagenomic analysis of 
ARGs and MGEs

MGEs (e.g., Class 1 integrons, Tn3 transposons) 
are found to highly co-exist with ARGs, playing a 
key role in their capture and spread by promoting 

HGT

(Zhang et al. 
2011)

2012

Investigation of integron-positive 
Enterobacteriaceae (1832 strains) 
prevalence, MDR phenotypes, and 

gene cassette diversity

Revealed a gradient distribution of integron-
positive bacteria across WWTP stages. Integron-
positive strains were 100% MDR, harboring 24 
distinct resistance-related gene cassette arrays

(Mokracka et al. 
2012)

2012

Effect of temperature (22-55°C) on 
tetracycline resistance genes (tet) 

and intI1 removal during anaerobic/
aerobic digestion

High-temperature anaerobic digestion (55°C) 
is identified as a promising technology for 

eliminating resistance genes, with temperature 
being a critical control factor

(Diehl et al. 2010)

2012

Development of a real-time PCR 
(LUX™) system for quantitative 

detection of four ARGs (tetA, tetB, 
mecA, aac(6’))

First application of LUX™ fluorogenic technology 
for rapid, highly reproducible quantification of 

ARGs in wastewater environments, revealing the 
prevalence of tetA and aac(6’)-Ie+aph(2”)

(Börjesson et al. 
2009)

Table 5: Important conclusions, core viewpoints, and breakthrough progress of literature published from 2004-2024
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literature (Figure 1b), presenting an extreme contrast with 
its contribution of over 50% of global antibiotic usage. This 
reveals the most prominent deficiency in the current research 
landscape: the domain with the highest risk receives the lowest 
research investment.

In summary, the three clusters clearly delineate 
the “imbalance landscape” of ARG research: Cluster 2 
(municipal wastewater) demonstrates technological maturity 
and sufficient investment, Cluster 1 (hospital wastewater) 
exhibits complex mechanisms yet insufficient investment, and 
Cluster 3 (livestock wastewater) presents the highest risk yet 

receives the lowest investment. This configuration provides 
unequivocal directional guidance for subsequent research 
resource allocation and policy formulation.

Conclusions
Based on a systematic analysis of 2,894 publications 

indexed in the Web of Science Core Collection from 2004 to 
2024, this study elucidates the developmental trajectory and 
structural imbalances in global research on antibiotic resistance 
genes (ARGs) within wastewater treatment systems. The core 
conclusions are as follows:

year Research Focus Key Findings reference

2012
PCR-DGGE analysis of antibiotic-
resistant bacteria diversity after 

primary and secondary treatment

Demonstrates that oxidative stress in aeration 
tanks and chlorination during secondary 

treatment exerts a strong selective pressure, 
enriching for specific resistant bacterial 

populations

(Sigala et al. 
2012)

2013

Development of a structured ARG 
database and high-throughput 
pipeline for metagenomic data 

analysis

Established a standardized workflow for ARG 
detection, revealing subtypes missed by 

conventional PCR and eliminating amplification 
bias, enabling more accurate quantification and 

classification

(Yang et al. 2013)

2018
Lab-scale Anaerobic/Aerobic System 
(AAS) study on tetracycline selection 
pressure and intI1’s role in ARG fate

Tetracycline and intI1 are the main factors 
controlling tet gene distribution. IntI1 plays a 

crucial role in HGT, while the tetX gene shows 
high environmental persistence, unaffected by 

AAS treatment

(Gao et al. 2018)

2020

Lab-scale Anaerobic Membrane 
Bioreactor (AnMBR) study on the 
impact of antibiotics on microbial 

community and ARGs

Provides insights into the correlation between 
microbial community dynamics and ARGs in 

AnMBRs. Antibiotic exposure caused a transient 
167x increase in effluent ARGs, correlating 

with shifts in the effluent microbial community, 
suggesting pathogen involvement

(Zarei-Baygi et al. 
2020)

2021

Development of a novel magnetic 
anion exchange resin (MAER)-
mediated UV-Fenton system for 

antibiotic/ARG removal

Achieves >99% degradation of three antibiotics 
in 30 min. The cyclic Fe3+/Fe2+ redox cycle on the 
MAER interface enhances electron transfer, with 
hydroxyl radicals (·OH) as the primary reactive 

species

(Li et al. 2021)

2024

Multi-media (water, sediment, 
soil) sampling downstream of a 

sulfonamide production plant to track 
ARGs and hosts

A Soil depth (20 cm) effectively reduces ARG 
presence, but 17 high-risk ARGs can still migrate 

to rivers and deep soil. First report on the host 
diversity of the sadABC antibiotic degradation 
gene, suggesting environmental evolution and 

cross-host transmission

(Qiao et al. 2025)

2024

Global meta-analysis of 163 
metagenomes (29 countries) to 
define a core resistome across 
wastewater, freshwater, and soil

Established a cross-database annotation pipeline 
to resolve naming ambiguities. Proposed 27 

wastewater-specific ARGs as “fingerprint” 
biomarkers to trace wastewater discharge 

impacts on downstream environments

(Cachetas et al. 
2024)

2024

Two-year study on Zero-Valent Iron 
(ZVI) enhancement of antibiotic and 
ARG removal in integrated anoxic-
aerobic biofilm reactors (IAOBRs)

ZVI supplementation significantly reduces ARGs/
MGEs by enhancing microbial metabolic activity 

(dehydrogenase +44.8%, ATP +45.7%) and 
enriching for functional bacteria that are not 

potential ARG hosts

(Tang et al. 2024)
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(1) Research Output and Hotspot Evolution: Over the 
past two decades, global annual publications have exhibited 
exponential growth, undergoing three paradigm shifts from 
“mechanism cognition” and “technical standardization” to 
“risk management and control.” China emerges as the core 
contributor, however, its average citation impact per publication 
requires further enhancement.

(2) Structural Imbalance in the Research Landscape: A 
pronounced misalignment exists between research investment and 
pollution source contributions. Livestock wastewater research, 
despite accounting for over half of global antibiotic usage, 
constitutes less than 6% of publications, whereas municipal 
wastewater research represents nearly 70%. This “municipal-heavy, 
livestock-light” configuration represents the most significant blind 
spot in current environmental regulation and risk prevention.

(3) Migration of High-Risk Genes: Research focus has 
shifted from traditional tetracycline resistance genes (tet) 
toward “super resistance genes” (e.g., mcr-1, blaNDM), 
characterized by higher clinical risk and enhanced transmission 
capacity, reflecting a “risk-oriented escalation” trajectory.

Based on these findings, the following recommendations 
for future research are proposed:

First, establish a comprehensive surveillance chain 
to address the “structural imbalance.” Drawing upon the 
WHO’s “Source-Tracing Initiative for Antibiotic Resistance 
Genes” three-tier technical framework (metagenomic 
census—culturomics-based host resolution—mobile genetic 
element risk assessment), develop a standardized monitoring 
network encompassing the three major wastewater categories 
(municipal, hospital, and livestock). For livestock wastewater, 
the most critical gap in surveillance should prioritize key 
transmission nodes, including anaerobic storage lagoons, 

manure-applied agricultural soils, and subsequently 
contaminated crops and groundwater. Furthermore, establish 
data-sharing protocols and risk assessment frameworks 
that enable integrated analysis across municipal, hospital, 
and livestock monitoring systems, facilitating coordinated 
interventions and early warning of resistance threats 
originating from agricultural sources.

Second, develop targeted control technologies to address 
“high-risk gene escalation.” Focus on high-risk genes such as 
tet, mcr-1, and blaNDM by prioritizing research on coupled 
“anaerobic digestion + advanced oxidation” processes. Explore 
the feasibility of CRISPR-based gene-editing technologies 
and mobile genetic element-targeted inhibitors to overcome 
challenges in ARG removal from sludge and high-strength 
wastewater matrices.

Third, we call for deepening the integration of mechanistic 
understanding and practical applications to facilitate the 
transition from reactive monitoring to proactive resistance 
control. Priority should be given to cross-media (water, 
air, soil, and biota) transport dynamics and host succession 
patterns of ARGs, which underpin the environmental fate and 
dissemination of resistance. Building upon such mechanistic 
insights, targeted intervention technologies should be 
developed to eliminate high-risk genes. Emerging antibiotic 
removal technologies using waste-derived adsorbents 
(Slomkiewicz et al., 2025) represent a promising approach in 
this direction, yet their efficacy against ARG-hosting bacteria 
and mobile genetic elements requires further validation. 
Meanwhile, to translate technological advances into effective 
risk prevention, parallel efforts should be directed toward 
surveillance capacity. Recent advancements in watershed-
scale water quality monitoring have demonstrated the value 
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of integrating real-time sensor systems with spatial modeling 
for early warning and source tracking (Syafrudin et al., 2025), 
providing a methodological framework that can be adapted to 
ARG surveillance across municipal, hospital, and livestock 
wastewater systems. Ultimately, the integration of ARGs into 
environmental quality standards should be promoted, thereby 
providing a scientific foundation for intersectoral governance 
of antimicrobial resistance.
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Abstract: Increasing emissions of greenhouse gases, such as CO2, cause a rise in the average temperature of the Earth’s 
climate system. It is well established that ZnCl₂ activation or treatment is one of the most widely used methods for 
maximizing CO2 adsorption capacity. However, water vapor co-adsorption during CO2 capture processes can result in 
higher regeneration energies. This study aims to evaluate the effectiveness of ZnCl2-activated carbons coated with a thin 
layer of vinyltrimethoxysilanein to increase the CO2/H2O uptake ratio. Date pits and Spirulina were used separately to 
produce activated carbons. The CO2 adsorption capacities of the samples were investigated using thermogravimetric 
analysis with 15% CO2 in nitrogen, while the water vapor uptake at 10, 50, and 95% relative humidity (RH) was 
investigated using Dynamic Vapor Sorption. Partial reductions in specific surface area and pore volume occurred after 
silane modification. However, heat treatment of the coated samples at 450 oC, which moderated the coating layer on the 
surface and reopened some of the blocked pores, increased the CO2/H2O uptake ratio, especially for the activated carbon 
derived from date pits (DPZHC), to 3.01 at 10% RH. Therefore, this sample is a promising candidate for co-adsorption 
processes. Although the study was conducted under controlled conditions, the adsorbent's stability and its ability to 
regenerate and be reused still need to be determined.
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Introduction
Human activities, especially over the last few decades, have 

significantly increased atmospheric pollutant concentrations, 
leading to an increase in the Earth’s average surface temperature. 
Greenhouse gases, particularly carbon dioxide (CO2), are 
emitted from industrial processes and contribute significantly 
to global warming (Mashkhool et al. 2021). However, CO2 
can be captured using various technologies. Among the wide 
variety of adsorbents, including silica, zeolites, polymers, metal-
organic frameworks (MOFs), and activated carbons that have 
been extensively investigated for CO2 capture, carbon-based 
materials derived from different precursors exhibit high CO2 
uptake capacities and stability during adsorption–desorption 
cycling (Reddy et al. 2021). Limited CO₂ adsorption selectivity 
in the presence of water vapor is one of the main obstacles to 
the widespread use of conventional activated carbon in CO2 
capture technologies. Therefore, the development of well-
designed carbon-based materials with controlled properties 
has become essential for efficient environmental applications. 

Chemical and physical treatments have been used to modify 
the surface chemistry of carbon materials and tailor their 
adsorption properties. For instance, enlarged micropores with 
small amounts of mesopores can be obtained using potassium 
hydroxide (KOH) (Oumabady et al. 2021), sodium hydroxide 
(NaOH) (Borisut et al. 2025), and zinc chloride (ZnCl2) (Möller 
et al. 2023). Due to its acidifying properties, zinc chloride 
plays an important role in activating carbonaceous precursors 
and improving the adsorption capacity of the resulting carbon 
materials by promoting dehydration and bond cleavage in 
biomass, facilitating aromatization and crosslinking of the 
carbon matrix. Furthermore, subsequent acid washing dissolves 
zinc species and removes them from the carbon matrix, creating 
voids that develop into micropores and mesopores (Li et al. 
2020). These processes strengthen the internal pore network 
and increase surface accessibility for adsorption, making the 
activated carbon more effective. 

Two biomass precursors were selected in this study: 
date pits and Spirulina. Their selection was based on carbon 
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density, cost, abundance, CO2 adsorption potential, and their 
fundamentally different biochemical compositions. Date pits 
are lignocellulosic materials rich in cellulose, hemicellulose, 
and lignin, whereas Spirulina is a protein-rich microalga 
containing nitrogenous functional groups that may lead to 
differences in the surface chemistry and adsorption behavior of 
the resulting carbons. Water vapor is the third most abundant 
component of flue gas after nitrogen and carbon dioxide. The 
presence of water is generally detrimental to CO2 capture using 
activated carbons, especially at low relative pressures, where 
water and gas molecules compete for active sites. In general, 
for most CO2 capture processes, water vapor in a gas stream 
increases the energy demand. Water molecules (diameter ≈ 
of 0.275 nm) adsorb first onto the functional groups, which 
represent the primary active sites. These sites typically occur 
at the edges and corners of basal planes and interact with water 
molecules through hydrogen bonding, forming a water layer 
on the activated carbon surface. Subsequently, as the relative 
humidity (RH) increases, water clusters form around the 
initially adsorbed water molecules, which themselves become 
secondary adsorption sites.

 Once a critical cluster size is reached, the clusters possess 
sufficient dispersive interaction energy to fill the carbon pores 
(Duan et al. 2023). At equilibrium, water isotherms on the pore 
surface typically exhibit a V-type topology, which is relatively 
rare. This is due to the hydrophobic nature of activated carbons, 
which has been shown to be strongly dependent on relative 
humidity (Zheng et al. 2023). Therefore, studying water 
adsorption is important for evaluating sorbent performance 
in CO2 capture. Querejeta et al. (2016) reported that moisture 
strongly influenced the adsorption performance of activated 
carbons derived from biomass under post-combustion CO₂ 
capture conditions. Surface post-treatments can increase 
water vapor adsorption capacity by altering pore accessibility 
and surface chemistry. Liu et al. (2018) confirmed that 
adsorption processes are strongly affected by moisture.  They 
investigated the sorption equilibria and kinetics of CO₂ and 
H₂O on KOH-treated activated carbon and reported that the 
adsorption capacity for H₂O was higher than that for CO₂. The 
main objective of this study was to evaluate the adsorption 
performance of modified activated carbons toward CO₂ and 
water vapor separately and to assess their relative affinity 
using a CO₂/H₂O uptake ratio. Laboratory-scale adsorption 
experiments were conducted using thermogravimetric analysis 
and a dynamic vapor sorption instrument.

Materials and methods
Materials

Spirulina powder (Spirulina Hawaiiana) was purchased 
from Cyanotech, USA, and used as the algal raw material for 
the preparation of activated carbon. The powder was dried at 
105 °C for 5 h to remove moisture and then cooled to room 
temperature. Dates were collected from local markets in Basra, 
Iraq, and the pits were manually separated from the fruit. 
The pits were first washed several times with potable water 
followed by distilled water, and then dried and cooled using 
the same procedure as that applied to the Spirulina powder. 
The dried pits were subsequently crushed and sieved to obtain 
particles with diameters in the range of 1.0-1.4 mm.

Methods
Carbonization

The carbonization process was conducted separately for 
each dried powder by heating it to 550 °C at 5 °C/min under 
nitrogen (N₂), maintaining this temperature for 60 min and 
then cooling to room temperature. The resulting carbonized 
samples derived from date pits and Spirulina were designated 
DP and SP, respectively. ZnCl₂ (purity ≥ 98%) was purchased 
from Sigma-Aldrich (UK).

Activation of Materials
The following steps were carried out for chemical 

activation:
1- 	 The SP carbon was mixed with ground ZnCl₂ at a mass 

ratio of 1:1 (m/m). 
2- 	 Approximately 5 g of the mixture was placed in a ceramic 

pot and loaded into a quartz tube of a horizontal tube furnace 
(Elite Thermal Systems Ltd., UK). The system was purged 
with nitrogen (N2 gas (1 bar, 1 L/min) for 30 min to remove 
residual air and moisture. The samples were then heated 
to 650 °C at 5 °C/min for over 60 min under continuous 
nitrogen flow, followed by cooling to room temperature.

3- 	 To remove residual ZnCl₂ and achieve neutral pH, 
the resulting activated carbon was treated with 1 M 
hydrochloric acid and subsequently washed repeatedly 
with distilled water. The washed samples were then dried 
in an oven at 110 °C for 6 hours. The final activated 
carbon derived from Spirulina was labelled SPZ. The 
same procedure was applied to the date pit-derived carbon, 
yielding DPZ. 

Fig 1. Spirulina powder and Date pits powder
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Modification of Activated Carbon
The surface modification was performed according to 

the experimental protocol described by Albazzaz (2020) 
and consisted of three stages: oxidation, reduction, and 
hydrophobization. First, the oxidation step was conducted by 
adding 2.5 g of DPZ to 250 mL of 15% w/w H2O2 solution. The 
mixture was subsequently washed with distilled water, dried 
at 100 oC for 24 hours, and then heated at 450 oC for 3 hours 
under N2 gas. The second stage, reduction, was performed by 
dissolving 2.5 g of the NaBH4 in 250 mL of anhydrous methanol. 
The sample was submerged in the mixture for 12 hours, then 
diluted with 250 mL of water and boiled for 3 hours. The sample 
was then removed from the solution, washed with water, and 
dried in a vacuum oven at 100 °C for 24 hours. Finally, the 
hydrophobization step was conducted by partially dissolving 
vinyltrimethoxysilane (VTMOS) in toluene at a volume ratio 
of 1:10 (VTMOS:toluene:v/v), followed by the addition of a 
few drops of water to induce the hydrolysis of the alkoxysilane 
molecules. The sample was placed in an extraction thimble and 
loaded into the main chamber of a Soxhlet extractor connected 
to a distillation flask and a reflux condenser. The distillation 
flask was heated to the boiling point of toluene (110.6 oC), 
and the condensation reaction was allowed to procees via 
Soxhlet extraction for 3 hours to achieve hydrophobization. 
The resulting coated activated carbon derived from date pits 
was labelled DPZH. The same procedure was applied to SPZ, 
producing the hydrophobized sample SPZH.

Calcination
To moderate the thickness of the coating layer, the two 

samples, DPZH and SPZH, were separately subjected to 
thermal treatment under N2 (1 bar, 100 mL/min). The process 
was conducted using thermogravimetric analysis (TGA) 
(Q500, TA Instruments Incorporated) at 450 °C for 1 hour, a 
temperature identified by the referenced study as optimal for 
CO₂ adsorption. TGA is an integrated thermal weight-change 
analysis instrument. It is equipped with standard mass flow 
controllers to measure the amount and rate of change in the 
weight of a material as a function of temperature or time, and 
operates in the temperature range from ambient to 1000oC. It 
has an isothermal temperature accuracy of ±1 oC, an isothermal 
temperature precision of ±0.1 οC, a weighing capacity of 100 
mg, a sensitivity of 0.1 μg and a precision of ± 0.01%. The 
resulting samples were labelled DPZHC and SPZHC.

Textural Characterization of the Samples
The textural properties of the samples, including the 

specific surface area and pore volume, were characterized 
using N2 and CO2 sorption isotherms. Surface area and porosity 
data were measured using both experimental techniques and 
models applied to the isotherms, such as the BET and Non-
Local Density Functional Theory (NLDFT) models.

Experimental Procedure
The textural properties of the samples (DP, DPZ, DPZH, 

DPZHC SP, SPZ, SPZH, and SPZHC) were characterized using 
a Micromeritics Accelerated Surface Area and Porosimetry 
Analyzer (ASAP 2420, Micromeritics Corporation) with 
N2 (at -196 °C) and CO2 (at 0 °C) as adsorbates. Before the 
measurements, approximately 0.2 g of each sample was 

weighed into a sample tube and degassed under high vacuum 
(<0.013 mbar) at 120 °C for 6 hours to remove adsorbed 
moisture and gases. The surface area was calculated using 
the BET model from N2 adsorption isotherm data over the 
relative pressure range of 0.01-0.10, yielding positive BET 
‘C’ parameters. The cumulative pore volumes (Vtotal) 
were calculated using a non-local density functional theory 
(NLDFT) carbon slit pore model through a combined analysis 
of N2 adsorption isotherms at -196 °C (over a relative pressure 
range of 0.00001 to 0.99850) and CO2 adsorption isotherms 
at 0 °C (over a relative pressure of 0.00006 to 0.03498) using 
Microactive Software V5.0.

Fourier Transform Infrared (FTIR) Spectroscopy 
analysis

Fourier transform infrared spectroscopy (FTIR) analysis 
was performed using a Perkin Elmer Spectrum 100 instrument 
in the mid-infrared range (4000–400 cm⁻¹) at a resolution 
of 2 cm⁻¹. Each spectrum represents the average of 16 scans 
acquired in transmittance mode. Using a mortar, 0.0015 g of 
the sample was mixed and ground with 0.25 g of potassium 
bromide (KBr). The obtained powder was loaded into a circular 
die and subjected to high pressure (100 MPa) for 10 seconds. 
The sample was then dried in a drying oven at 100 °C overnight 
under vacuum and left to cool to ambient temperature under 
vacuum. After that, the sample was analyzed using an FTIR 
spectrophotometer.

CO2 and H2O Adsorption Measurement
CO2 Adsorption Measurement

The samples were analyzed using a TGA to determine 
the amount of CO2 adsorbed. Approximately 20 mg of a 
sample was placed in a platinum pan and heated to 150 °C at 
a rate of 20 °C/min under a flow of N2 (1 bar, 100 mL/min) 
for 30 minutes to remove any moisture and/or pre-adsorbed 
CO2. After drying, the sample was cooled to the adsorption 
temperature of 25 °C under the same N2 flow rate. The gas 
was then switched to simulated flue gas (15:85 v/v CO2: N2,  
1 bar, 100 mL/min), and the sample was held isothermally for 
1 hour. The sample’s weight change at the point of gas switch-
over was taken as the baseline, and the subsequent increase 
in mass during exposure to the simulated flue gas was used to 
calculate CO2 uptake. From this, the adsorption kinetics at t60, 
t80, and t90 were calculated for the samples by determining 
the time taken to reach 60, 80, and 90% of the CO2 equilibrium 
capacity, based on the net weight gain recorded during the 
adsorption period. The experiment was repeated for all other 
samples. Since N₂ is assumed to be non-adsorbing under the 
experimental conditions, the observed mass increase after gas 
switching was attributed solely to CO₂ adsorption.

H2O Adsorption Measurements
Dynamic vapor sorption (DVS) measurements were carried 

out using a DVS Adventure analyzer (Surface Measurement 
Systems Ltd., London, UK). The balance head and reaction 
chamber were purged with dry nitrogen before sample loading. 
The flow of nitrogen is automatically controlled to keep the 
head of the sensitive recording microbalance dry inside the 
controlled temperature chamber, thereby preventing the 
condensation of vapor in connections and ensuring accurate 
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uptake measurements. The uptake was calculated by dividing 
the difference between the temporal mass measured and the 
mass of adsorbent after the drying process (before the start 
of adsorption process) by the mass of the adsorbent after 
the drying process. An optical vapor pressure sensor and an 
RTD temperature probe fixed beside the sample pan (which 
contained 10 mg of the sample) were used to measure the test 
conditions in DVS. The weights of samples measured by the 
microbalance were transmitted directly to a PC microcomputer 
for recording and analysis. The six samples were dried at 150 
°C for 12 hours, and the adsorption process was then conducted 
at 25 °C.

Results and discussion
Characterization of Activated Carbon

Table 1 summarizes the specific BET surface areas 
(SBET) and pore volumes, including micropore volumes, 
for all samples. The SP sample exhibited the lowest SBET 
value, 198 m2/g, which is typical for carbonized Spirulina 
platensis (Yu et al. 2022). SPZ showed a well-developed 
porous structure, where the intercalation of ZnCl₂ led to an 
increase in specific surface area to 796 m2/g, the total pore 
volume to 0.59 cm3/g, and a micropore volume to 0.34 cm3/g, 
increasing from 0.26 cm3/g for SP. In addition, the textural 
properties of carbonized date pits (DP) developed after the 
activation process. The SBET values for DP and DPZ were 
613 and 1,214 m2/g, respectively, while the micropore volume 
and total pore volume increased from 0.31 to 0.54 and from 
0.48 to 0.87 cm3/g, respectively. These results suggest that the 
modification treatments drastically altered the pore texture of 
the activated carbon, driven by the chemical activation (ZnCl₂) 
of the carbon network, and are consistent with those previously 
reported by Bouchemal and Addoun (2009), where the specific 
surface area and total pore volume of the activated carbon 
prepared from date pits increased to 1,322 m2/g and 0.81 cm3/g, 
respectively, after activation by ZnCl₂ at 600 oC. After VTMOS 

modification, a significant decrease in the BET surface area 
and pore volume of the coated samples (DPZH and SPZH) was 
observed. 

This trend is consistent with reports in the literature, which 
indicate that chemical treatments may partially reduce porosity 
without drastically altering the pore structure, as silane 
modification can create a thin layer on the external surface, 
leading to partial blockage of pore entrances while preserving 
the overall pore architecture of the activated carbon (Pustahija 
et al. 2024). On the other hand, the effect of heat treatment 
was very clear on the two coated samples. The surface 
area increased and approached its pre-modification value, 
accompanied by increases in micropore and total pore volume. 
This trend is consistent with results reported in the literature, 
which indicate that heat treatment of coated activated carbons 
increases specific surface area and pore volume (Albazzaz, 
2020).

SBET is the specific surface area obtained using the BET 
model from the N2 isotherm in the relative pressure range of 
0.01 - 0.10 P/Po. Vmicro, Vmeso, and Vtotal are pore volumes 
corresponding micropores, mesopores, and total pores up to 
100 nm, respectively, determined using NLDFT with a carbon 
slit-pore model applied to combined N2 and CO2 isotherms.
Scanning Electron Microscopy of Samples

The morphologies of the six samples were examined 
using a Quanta 600 scanning electron microscope (SEM) on 
the micrometer scale. The SEM images in Fig. 2 (a-f) were 
acquired at magnifications ranging from 1000× to 1500×, with 
a constant scale bar of 50 µm. The SEM image of DP shows 
a relatively smooth surface with limited pore development. 
Most of the visible pores are shallow and spherical, reflecting 
the natural structure of the biomass, which has not yet been 
significantly altered. The hemicellulose and lignin in the date 
pits were partially decomposed during the carbonization 
process, but this did not yield a well-developed porous 
network. 

SBET (m2/g) Vmicro (cm3/g) Vmeso (cm3/g) Vmacro (cm3/g) Vtotal (cm3/g)

DP 613 0.31 (65%) 0.13 0.04 0.48

DPZ 1214 0.54 (62%) 0.23 0.09 0.87

DPZH 789 0.34(63%) 0.12 0.08 0.53

DPZHC 1177 0.46 (64%) 0.19 0.07 0.72

SP 198 0.26 (40%) 0.07 0.02 0.35

SPZ 796 0.34 (58%) 0.20 0.05 0.59

SPZH 423 0.28(72%) 0.07 0.04 0.39

SPZHC 752 0.31 (70%) 0.09 0.04 0.44

Table 1: Texture properties of activated carbon samples.
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The DPZ sample reveals a highly porous structure 
characterized by rough, irregular, and heterogeneous pores 
of varying sizes, including micro-, meso-, and macropores. 
Additionally, some ZnCl2 residue, which may not have been 
removed during repeated washing, appears as light or white 
particles due to its higher electron density than carbon. After 
the VTMOS coating, many small pores disappeared from the 
surface of the DPZH sample, while others were partially closed 
by the coating material, which covered the remaining residue 
of the chemical activating agent. Despite this, the overall pore 
structure remained clear, indicating the coating layer did not 
have a major effect on the underlying pore structure. Calcination 
of the DPZH sample removed a large portion of the VTMOS 
and reopened many pores. On the other hand, the SEM image 
of SP shows a compact and weakly porous structure with a 
rough surface. This morphology is consistent with the recent 
literature, which reports that low porosity typically forms 
on the Spirulina surface after carbonization due to its high 
protein content (Mushtaq and Alzurfi, 2023). Conversely, the 
SPZ sample exhibits a highly porous structure with irregularly 
shaped pores. Distinct crevices are apparent on the porous 
surface, indicating pores of various sizes, including mesopores 

and macropores. Some ZnCl2 residues are more clearly visible 
on the carbon surface. The image of SPZH shows changes in 
the surface structure after VTMOS-coating. The large cavities 
disappeared from the SPZH sample, resulting in a low-level 
pore network. The bright, light-colored edges indicate the 
presence of a coating or surface effects caused by VTMOS 
that were not present in the DPZH sample. A notable reduction 
in the number and size of pores was observed, resulting in 
a smoother, more uniform surface. Some pores remained 
scattered across the surface, indicating that the coating process 
successfully reduced porosity. 

The effect of heat treatment was very clear in the 
coated sample, where many pores reopened, and the surface 
morphology of SPZHC was similar to that observed before 
modification. The same effects of coating materials and 
calcination on pore size were observed by Albazzaz (2020), 
who found that VTMOS coated most pores in the activated 
carbon, especially the large cavities, and that calcination at 
450 °C reopened most of them, suggesting that the VTMOS 
coating collapsed on the surface.

Fig 2. SEM images of carbon (a) DP, (b) DPZ, (c) DPZH, (d) DPZHC, (e) SP, (f) SPZ, (g) SPZH, and (h) SPZHC
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Fourier Transform Infrared Spectroscopy (FTIR)
In this work, FTIR spectroscopy was performed on samples 

derived from date pits, which exhibited higher specific surface 
area and pore volume, to evaluate the effects of carbonization, 
activation, and VTMOS grafting on the carbon surface, as well 
as the effect of heat treatment on the chemical structure of 
VTMOS. As shown in Figure 3, DP and DPZ exhibited a broad 
band in the 3,650–3,200 cm−1 wavelength range; the broader 
band with a gradual decrease was observed in the coated 
sample DPZH. This is possibly due to the O-H stretching 
vibration of surface hydroxyl groups (Yang and Yuan, 2025). 
However, the broad band decreased considerably after heat 
treatment, possibly indicating the removal of some hydroxyl 
groups from the DPZHC sample. Another large absorption 
band was observed in the DPZH spectrum in the 1,450-900 
cm⁻¹ region, with a maximum at about 1,170 cm⁻¹, possibly 
due to the stretching vibrations of Si–O–Si and Si–O–CH3 
groups, confirming the successful incorporation of silane-based 
coating species onto the carbon surface (Albazzaz, 2020). As 
a result of heat treatment, the intensity of this band decreased 
to a weak shoulder, reflecting a reduction in the characteristic 
absorption features in DPZHC, and a new band appeared at 

1,126 cm-1. Finally, the bands appearing below 800 cm⁻¹ in DP 
and DPZ may be attributed to out-of-plane bending vibrations 
of aromatic C–H bonds. In conclusion, the effectiveness of 
the activation and coating processes was confirmed by FTIR 
analysis. The DPZH sample exhibited the most pronounced 
chemical modification, indicating a successful transformation 
from hydrophilic to hydrophobic surface characteristics. Heat 
treatment significantly altered the chemistry of the coated 
sample by removing some hydroxyl groups.

Measurement of the Kinetic Adsorption of CO2
Dry simulated flue gas (15% CO2) at a flow rate of 100 

mL/min was used to evaluate the kinetics of CO2 adsorption 
for all samples using TGA. Overall, the kinetics were relatively 
fast, with most samples approaching equilibrium within 10 
minutes (Fig. 4).

Detailed adsorption kinetics at t60, t80, and t90 are further 
reported in Table 2. As expected, and because they contain 
high proportions (40% and 72%) of the total pore volumes, the 
microspores offer sufficient active sites for adsorbate molecules 
(CO2). Therefore, less than 2.5 minutes was sufficient to attain 
60% of equilibrium uptake for all samples. For instance, DP 

Fig 4. SCO2 adsorption (a) for the DP, DPZ, DPZH, and DPZHC samples (b) for the SP, SPZ, SPZH, and SPZHC using TGA in 
15% CO2 and 85% N2 at 25 oC

Fig 3. FTIR spectra of DP, DPZ, DPZH and DPZHC.

Biomass-derived activated carbons from date pits and spirulina for CO2 and water vapor adsorption...



82	

and SP attained 60% of equilibrium at 2.3 and 2.42 minutes, 
respectively. These outcomes confirm the results obtained by 
Kretzschmar et al (2021), which showed that a short contact 
time (⁓3 minutes) is sufficient to achieve high adsorption 
capacity for carbonized materials. After activation, the CO2 
adsorption performance of ZnCl2-activated carbons (DPZ and 
SPZ) was markedly enhanced, and the adsorption kinetics were 
faster in reaching 60% of equilibrium. This can be attributed, 
first, to the activation process, which led to significant mesopore 
development, facilitating rapid diffusion into the microspores 
and increasing their volume (see Table 1). This effect not only 
improved accessibility but also provided abundant high-energy 
adsorption sites that are rapidly saturated with CO2 molecules 
(Meng and Park 2014). Second, oxygen-containing functional 
groups (such as carboxyl and hydroxyl groups) were formed 
due to changes in surface chemistry. These groups interact 
strongly with CO2 molecules, thereby accelerating adsorption 
(Liu et al. 2018). 

In the first stage of adsorption, which accounts for 60-80% 
of the total adsorption within the micropores, uptake is driven 
by van der Waals forces between carbon dioxide molecules and 
the pore walls. These interactions occur more rapidly than those 
in the second stage, when adsorption approaches equilibrium. 
This explains the longer time required to reach 90% of total 
adsorption for all samples. On the other hand, except for 
the DPZH sample, which required a relatively long time to 
achieve 90% of the equilibrium (15.6 minutes), the two coated 
samples attained 60, 80, and 90% of equilibrium in shorter 
times compared to DPZ and SPZ. The effect of heat treatment 
was very clear in the time required to reach equilibrium for 
the two calcined samples. These results are superior to those 
reported in a previous study using zeolite calcined at 600 oC 
and a syngas flow rate of 0.5 L/min containing 15% of CO2, 
where the adsorbent required 30, 32.5 and 38 minutes to reach 
60%, 80%, and 90% of the total adsorption capacity (1.9452 

mg CO2 / kg adsorbent ≈ 4.42×10−5 mmol CO2/g adsorbent), 
respectively (Maceiras et al. 2025). 

Gravimetric Measurement of Water Vapor Adsorption
DVS was used to determine the adsorption isotherm data for 

H2O on all samples. As shown in Fig. 5, the samples exhibited 
a type IV isotherm according to the IUPAC classification 
(Thommes et al. 2015).

Water molecules showed preferential adsorption on the 
DPZ and SPZ (<20% RH). The high adsorption of H2O on 
the DPZ can be attributed to the abundance of high-density 
hydrophilic surface functional group, which increased during 
the washing process, and to the greater volume of micropores 
after ZnCl2 activation, where residual Zn2+ and Cl1- species are 
removed and oxygen-containing functionalities such as –OH 
and –COOH are formed or increased (Möller et al. 2023; Li 
et al. 2020; Li et al. 2023). In addition, the precursor material 
(date pits) is rich in lignin and cellulose, which promotes the 
development of oxygen-containing functional groups on the 
activated carbon surface (Al-Harrasi et al. 2025). On the other 
hand, as reported in the literature, Spirulina platensis contains 
nitrogen and sulphur. Therefore, after activation, the surface 
may remain more heterogeneous, with the presence of –N 
and –S groups in addition to oxygen-containing groups (–O), 
which promote the hydrophilicity of the SPZ surface (Xie et 
al. 2022). In general, the adsorption in this range for both 
samples can be considered minor or initial water uptake. By 
increasing the relative humidity to 60%, the adsorbed water 
molecules may serve as secondary adsorption sites for cluster 
formation. The critical size of these clusters may enable 
them to possess sufficient dispersive energy to fill the carbon 
pores (Jia et al. 2022). Consequently, this region exhibited 
the highest water uptake rate, characterized by a gradual yet 
more pronounced increase in adsorption compared with other 
regions.

Sample

Adsorption time of CO2 (minutes)

CO2 equilibrium capacity(mmol/g)
t60 t80 t90

DP 2.30 7.25 21.09 1.62

DPZ 1.61 2.87 11.41 2.56

DPZH 1.09 2.1 15.6 1.81

DPZHC 1.51 2.82 12.51 2.52

SP 2.42 10.01 23.42 0.24

SPZ 1.42 9.87 21.51 1.71

SPZH 0.85 3.24 15.12 0.48

SPZHC 1.21 5.02 21.09 1.60

Table 2: Comparison of CO2 equilibrium capacity and adsorption times (or kinetics) of CO2 under dry conditions for all samples 
using TGA in 15% CO2 and 85% N2 at 25 oC
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 At higher relative humidity (RH >60%), both DPZ and 
SPZ exhibited higher water adsorption capacities owing to 
their advanced microporous structures. There was a clear 
difference in adsorption capacity between the two isotherms, 
with SPZ sample showing higher performance. This can be 
attributed to the nitrogen- and oxygen-containing functional 
groups in Spirulina platensis, which increase surface polarity 
and promote stronger interactions with water molecules. 
These observations are consistent with a previous study 
reporting that heteroatom co-doping (N, S, and O) enhances 
surface polarity, increases the density of active sites, 
and promotes hydrogen-bonding interactions with water 
molecules (Zhang et al., 2019). At high relative humidity 
(95% RH), the H2O uptakes for DPZ and SPZ were 42.61 
and 33.38 mmol/g, respectively, indicating that Spirulina 
platensis is more affected by ZnCl2 activation than date pits, 
and that water uptake depends more on the surface chemistry 
than on its porosity. These results are consistent with those 
previously reported by Bai et al. (2020). As expected, water 
vapor adsorption declined markedly due to effectiveness of 
the coating on the DPZH and SPZH surfaces. In contrast, 
the calcination process increased the amount of water vapor 
adsorbed on the DPZHC and SPZHC samples. 

The kinetic H2O sorption profiles of the samples at 10%, 
50%, and 95% RH were obtained using DVS. At less than 
10% RH, both carbonized samples (DP and SP) showed low 
adsorption capacities (<1.5 mmol/g) and required less than 
60 minutes to reach equilibrium (Figs. 5(a) and 6(a)). This is 
likely due to their low surface area (613 and 198 m2/g) and 
limited micropore volumes (0.31 and 0.26 cm3/g). The DPZ 
sample reached equilibrium after 60 minutes. In contrast, the 
SPZ sample showed a higher affinity for water molecules and 
required approximately 120 minutes to reach equilibrium 
despite having a lower total pore volume and surface area. 
On the other hand, the water absorption of the coated samples 
(DPZH and SPZH) ranged from 1.4 to 2 mmol/g. This may be 
due to the closure of some pores during the coating process. 

A decrease in the BET surface area and pore volume of the 
coated samples was shown in Table 1. The samples submitted 
to heat treatment after coating with VTMOS showed higher 
values.

At moderate humidity (50% RH) and high relative humidity 
(95% RH), DPZ surpassed SPZ in water uptake (Figs. 6(b, c) 
and 7(b, c)) because of its larger surface area (1,214 m²/g) and 
higher micropore volume (0.33 cm³/g), which provide more 
accessible microporous sites and more substantial capillary 
condensation effects within these pores. Except for DPZH, 
which showed high water adsorption, the other samples 
maintained the expected relative values during adsorption and 
desorption. The heat-treated samples recorded intermediate 
values between those of the activated and carbonized samples 
across all relative humidities.

These differences in the time required to reach 
equilibrium for activated carbons derived from date pits 
and Spirulina can be principally attributed to their different 
textural properties, particularly the abundance of narrow 
micropores. In general, the presence of small pores can 
retard diffusion and lead to much longer equilibration times, 
although the adsorption rate is fast at low relative humidity. 
It is important to note that the absence of a large difference 
in the time required to reach equilibrium at 60%, 80%, 
and 95% RH for each sample (Figs. 6 and 7) is consistent 
with literature reports (Martins et al., 2015, Jia et al., 
2017). Previous studies have shown that, with increasing 
relative humidity, an increase in the adsorption capacity 
of an adsorbent may not always lead to an increase in the 
adsorption rate, as diffusion limitations may occur within 
micropores. Therefore, the adsorption capacity increases as 
the pores are filled at elevated RH.

Table 3. demonstrates the differences in H2O adsorption of 
the samples at 10%, 50%, and 95% RH for 10 minutes (typical 
residence time in fluidized bed sorbents). All values were 
obtained from the two figures above.

Fig 5. Water vapor adsorption isotherms of the samples using DVS in 100% N2 at 25 oC (desorption omitted for clarity).
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CO2/H2O uptake ratio
The adsorption performance ratio of the CO2 to H2O is 

calculated as follows:
S (CO2/ H2O) = Adsorption CO2 (mmol/g) / Adsorption 

H2O (mmol/g)
In this work, the uptake ratio of the samples was evaluated 

after 10 minutes under typical post-combustion flue gas 
conditions. At 10% RH, the SCO2/H2O ratios of DPZ and SPZ 
were 1.9 and 2.09, respectively, compared with 1.84 and 0.57 
for DP and SP, as shown in Table 4. The CO2/ H2O uptake 

ratios of the coated samples were lower than those recorded 
for the modified samples. The differences in CO2 adsorption 
between DPZ and DPZHC were 13%, whereas those between 
SPZ and SPZHC were 5%. The differences in H2O adsorption 
were higher than these values: 15% between DPZ and DPZHC 
and 37% between SPZ and SPZHC, as shown in Table 4.

The highest CO2/H2O values were observed for the heat-
treated samples (DPZHC: 3.01; SPZHC: 2.46), indicating that 
the thickness of the coating layer played a significant role in 
determining CO2 and H2O adsorption.

Fig 6. H2O uptake DP, DPZ, DPZH, and DPZHC samples using DVS in 100% N2, (a) 10% RH, (b) 50% RH, and (c) 95% RH at 25 oC.

Sample
H2O adsorption (mmol/g)

10% RH  50% RH  95% RH

DP 0.50 5.4 10.2

DPZ 1.12 14.6 20.3

DPZH 0.61 7.5 10.1

DPZHC 0.83 11.9 16.3

SP 0.28 4.2 10.2

SPZ 0.62 9.0 26.6

SPZH 0.34 5.1 7.2

SPZHC 0.49 6.5 18.1

Table 3: H2O uptake of the samples at different RHs after 10 minutes
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The differences in CO2/H2O uptake were not significant 
among all samples at 50% and 95% RH (Table 4). Based on 
the previous results, the highest CO2/H2O ratio was observed 
for DPZHC, suggesting that it is a promising adsorbent for co-
adsorption processes. 

CO₂ adsorption capacities were collected from the literature 
and measured under different experimental conditions. H₂O 
adsorption is expressed qualitatively (e.g., low, moderate, 

high) because it strongly depends on relative humidity and 
temperature, making direct numerical comparison difficult. 
Additionally, most literature values are based on equilibrium 
measurements, whereas the present study reports kinetic 
adsorption (t = 10 min); therefore, direct comparison should be 
made with caution. 

Fig 7. H2O uptake SP, SPZ, SPZH, and SPZHC samples using DVS in 100% N2, (a) 10% RH, (b) 50% RH, and (c) 95% RH at 25 oC.

Samples CO2 adsorption 
(mmol/g)

At 10% RH At 50% RH At 95% RH

H2O 
uptake 

(mmol/g)
SCO2/H2O

H2O 
uptake 

(mmol/g)
SCO2/H2O

H2O 
uptake 

(mmol/g)
SCO2/H2O

DP 1.03 0.56 1.84 6.72 0.15 10.61 0.1

DPZ 2.31 1.21 1.9 14.31 0.16 19.89 0.12

DPZH 1.57 0.52 1.23 6.95 0.23 8.49 0.18

DPZHC 2.01 0.93 3.01 11.23 0.18 16.31 0.12

SP 0.19 0.33 0.57 4.51 0.04 8.21 0.02

SPZ 1.32 0.63 2.09 8.33 0.16 13.92 0.09

SPZH 0.42 0.40 1.67 4.92 0.09 6.82 0.06

SPZHC 1.26 0.52 2.46 6.57 0.19 10.42 0.12

Table 4: CO2 and H2O adsorption capacities at 10% RH, 50% RH, and 95% RH, and the CO2/H2O  
ratio of the samples after 10 minutes.
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Conclusions
One of the main challenges that CO2 capture technology 

faces today is the efficiency of adsorbents, such as activated 
carbons, for CO2 adsorption in the presence of water vapor. 
Water molecules strongly compete with CO2 for the adsorbent’s 
active sites because of their higher polarity and smaller size. 
Therefore, the CO₂/H₂O uptake ratio is an important parameter 
for evaluating the relative adsorption affinities of the prepared 
adsorbents toward CO₂ and water vapor under independent 
adsorption conditions, and for identifying promising materials 
for applications in humid environments. 

The results of this study establish that both VTMOS-
activated carbon produced from date pits and Spirulina 
platensis, synthesized through thermal treatment at 450 °C and 
designated as DPZHC and SPZHC, respectively, exhibit high 
CO2/H2O selectivity. The DPZHC sample exhibited higher CO2 
adsorption performance and hydrophobic properties, with CO2/
H2O selectivity exceeding 3 at 10% RH. It is important to note 
that, as relative humidity increases to 50% and 95%, the CO2/
H2O values become very low and approach zero, indicating that 
water vapor adsorption increases significantly with increasing 
relative humidity across all samples, and that the coating layers 
are not sufficiently thick. This study indicates that activated 
carbons, with their distinct structural characteristics, including 
high specific surface area, micro- and mesoporosity, and a thin 
VTMOS coating, can be used as hydrophobic adsorbents in 
CO2 capture technology.

The CO2/H₂O uptake ratio at higher relative humidities 
(50% and 95%) did not vary significantly across all samples, 
indicating that the adsorption sites on the adsorbents are mainly 
occupied by water molecules. Multilayer adsorption of water 
dominates the surface, blocking most of the active sites that 
would otherwise adsorb CO2. Under the studied conditions, 
the relative CO2/H2O uptake is highly sensitive to surface 
modification and differences in porosity. This study also 
demonstrates that date pits and Spirulina platensis byproducts 
can serve as cost-effective sorbents for CO2 removal from flue 
gas. Further investigations are needed to develop applications 

for these adsorbents and to address operational challenges at 
the pilot scale.
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Abstract: Conventional river water quality monitoring is often constrained by high operational costs and maintenance-
intensive sensors. To address these limitations, this study proposes a low-cost framework for estimating dissolved 
oxygen (DO) concentrations without direct DO probes by deploying an Arduino-based multi-sensor array (pH, 
temperature, and turbidity) coupled with multivariate regression modeling. The baseline model was calibrated using 
laboratory experimental data and subsequently validated under field conditions in the Kızılırmak River, Turkey (N=19). 
The proposed framework demonstrated high predictive accuracy, yielding a coefficient of determination (R2) of 0.842, 
a Leave-One-Out Cross-Validation (LOOCV,Q2) score of 0.798, a Mean Absolute Percentage Error (MAPE) of 4.91%, 
and a Mean Squared Error (MSE) of 1.64. The primary novelty lies in substituting expensive optical DO probes with 
robust proxy sensors integrated into a computationally lightweight model suitable for edge-computing IoT nodes. 
Serving as a foundational proof-of-concept, the developed regression coefficients are site-specific and require localized 
re-calibration (15–20 paired samples) prior to deployment in distinct catchment basins. Overall, this framework offers 
a scalable, cost-effective solution for continuous environmental impact assessment and sustainable water resource 
management.
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Introduction
Effective water resource management increasingly depends 

on timely, accurate, and spatially distributed water quality 
data. Conventional monitoring approaches based on periodic 
sampling and laboratory analysis often fail to capture short-
term variations and localized pollution events, limiting their 
usefulness for real-time decision-making and adaptive water 
management (Hart & Martinez, 2006; Loucks et al., 2005). In 
addition, the high operational costs, labor requirements, and 
limited temporal resolution of traditional monitoring programs 
restrict their applicability, particularly in long-term and large-
scale river monitoring studies.

In response to these limitations, hydroinformatics has 
emerged as a multidisciplinary field that integrates sensing 
technologies, data acquisition systems, information processing 
tools, and analytical models to support data-driven water 
resources management (Abbott, 1999; Abrahart et al., 2008; 
Solomatine and Ostfeld, 2008). Recent advances in Internet 
of Things (IoT) Technologies have enabled the deployment 
of distributed sensor networks for continuous and real-
time monitoring, offering improved temporal resolution, 
enhanced spatial coverage, and reduced operational costs. 
Key physicochemical parameters such as temperature, pH, 
and turbidity are fundamental indicators of aquatic ecosystem 
health and are widely used to evaluate freshwater quality. 

Temperature directly influences dissolved oxygen solubility 
according to Henry’s law, whereas pH and turbidity reflect the 
biological and optical characteristics of aquatic environments. 
These parameters exhibit well-established relationships 
with dissolved oxygen (DO), a critical indicator of river 
water quality that influences aquatic life and biogeochemical 
processes. Recent developments in hydroinformatics have 
further enhanced the integration of environmental sensing, 
statistical modelling, and intelligent decision-support systems, 
enabling continuous and data-driven water quality assessment 
(Abrahart et al., 2008; Solomatine and Ostfeld, 2008). These 
technological developments have significantly improved 
the feasibility of low-cost and continuous environmental 
monitoring, providing practical alternatives to conventional 
laboratory-based approaches.

Despite the importance of DO, continuous monitoring 
is often constrained by the high cost and maintenance 
requirements of specialized electrochemical sensors, which 
are highly sensitive to environmental factors and biofouling. 
Accordingly, alternative approaches that estimate DO using 
more easily measurable parameters have gained increasing 
attention. Environmental Impact Assessment (EIA) processes 
rely heavily on accurate data to evaluate anthropogenic impacts; 
however, insufficient monitoring frequency often leads to 
incomplete assessments, increasing the risk of undetected 



	  	 89

environmental degradation (Glasson et al., 2013; Noble, 
2015). Previous studies have demonstrated that parameters 
such as temperature, pH, and turbidity can be utilized within 
multivariate statistical models to predict DO concentrations, 
effectively bridging the gap between low-cost sensing and 
robust analytical requirements (Abyaneh, 2014; Tripathi & 
Singal, 2019). Therefore, the development of reliable and low-
cost approaches for indirect DO estimation has become an 
important research topic in hydroinformatics and smart water 
quality monitoring.

To address these challenges, this study presents the 
design and field validation of an integrated, low-cost, multi-
sensor empirical framework for continuous dissolved oxygen 
(DO) estimation without direct DO instrumentation. The 
main contribution and novelty of this work lies in bypassing 
expensive and maintenance-intensive optical or galvanic 
DO probes by utilizing calibrated, highly robust, and low-
cost proxy sensors, specifically pH, water temperature, and 
turbidity. Furthermore, this study provides a fully validated 
methodology that seamlessly couples controlled laboratory 
calibration with real-world field verification in the Kızılırmak 
River, demonstrating high predictive stability across different 
conditions. Finally, the proposed framework provides a 
computationally lightweight and transparent multivariate 
regression approach that is inherently suitable for direct 
deployment on low-cost IoT nodes and microcontroller-based 
edge computing systems, bridging the gap between hardware 
limitations and continuous environmental decision support.

Materials and methods
The assessment of river water quality is commonly conducted 

through the monitoring of physicochemical parameters that 
reflect the overall condition of aquatic environments. In this 
study, a low-cost Arduino-based monitoring system was 
developed to measure selected water quality parameters and 
estimate dissolved oxygen (DO) concentrations through 
statistical modeling. The methodological framework consists of 
sensor-based data acquisition, laboratory calibration of sensor 
outputs, and the development of a multivariate regression 
model using calibrated measurements. The monitoring system 
was constructed using an Arduino Mega 2560 microcontroller 
board, selected for its compatibility with multiple analog and 
digital sensors and its suitability for real-time data acquisition 
applications. Three  water quality parameters, i.e., pH, 
temperature, and turbidity, were measured using cost-effective 
sensors integrated into the Arduino platform. These parameters 
were selected due to their widespread use in water quality 
assessment and their established relationships with dissolved 
oxygen concentrations. The complete hardware architecture, 
sensor connection scheme, and power supply configuration 
are illustrated in the schematic diagram (Fig. 1), which also 
includes the system workflow diagram.

pH measurements were obtained using an analog pH sensor 
(DFRobot SEN0161) connected via a Bayonet Neill-Concelman 
(BNC) interface. Laboratory calibration was performed using 
buffer solutions prepared with hydrochloric acid (HCl) and 
sodium hydroxide (NaOH) to cover a wide pH range. Reference 
measurements were obtained using a SevenCompact S220 
pH meter, and a linear calibration equation was derived by 
comparing the sensor outputs with reference values.

Water temperature was measured using a DS18B20 digital 
temperature sensor operating within a range of −10 °C to 
+85 °C, with an accuracy of ±0.5 °C. Data acquisition was 
carried out using the OneWire and DallasTemperature libraries 
in the Arduino environment. Calibration experiments were 
conducted using a WTW Cond 3110 conductivity meter as a 
reference instrument, and a linear calibration relationship was 
established.

Turbidity measurements were carried out using a DFRobot 
SEN0189 turbidity sensor, which determines turbidity based 
on light transmittance through the water sample. Sensor 
output voltages were recorded and converted to nephelometric 
turbidity units (NTU). Laboratory calibration was conducted 
using a VELP TB1 turbidimeter, and a voltage–NTU calibration 
equation was obtained.

To ensure strict experimental reproducibility of the data 
acquisition protocol, calibration for each sensor was performed 
using five distinct calibration points covering the operational 
environmental range of the river system. At each calibration 
point, measurements were conducted in triplicate to minimize 
random environmental errors. The data acquisition frequency 
of the Arduino Mega 2560 microcontroller was set to 1 Hz 
(one reading per second). A stabilization time of 3 minutes 
was observed before recording the final measurement at each 
reference point. Data points falling outside three standard 
deviations from the dataset mean were considered outliers 
caused by electrical noise and were excluded from the 
calibration criteria.

Linear regression analysis was applied to establish 
calibration equations for each parameter. Calibration 
performance was evaluated using mean absolute percentage 
error (MAPE) and mean squared error (MSE).

To rigorously assess model generalization and prevent 
overfitting or optimistic accuracy estimation, data partitioning 
was strictly enforced between model training and validation 
phases. The training dataset comprised laboratory-controlled 
experimental observations (N = 19), summarized in Table 3, 
which were utilized exclusively to derive the multivariate 
linear regression coefficients via ordinary least squares 
(OLS). Conversely, an entirely independent validation 
dataset, collected from real-world field monitoring at the 
Kızılırmak River (Supplementary Table S2), was reserved 
solely for evaluating the predictive capability and robustness 
of the pre-trained model under actual field conditions. 
Furthermore, given the compact sample size, a Leave-One-
Out Cross-Validation (LOOCV) procedure was performed on 
the training set to evaluate structural stability. The resulting 
cross-validation Root Mean Squared Error (RMSECV = 1.31 
mg/L) and Cross-Validated Coefficient of Determination (Q2 
= 0.798) closely aligned with the primary model statistics, 
confirming that the regression model is robust and not subject 
to overfitting.

Following sensor calibration, a multivariate linear 
regression model was developed to estimate dissolved 
oxygen (DO) concentrations using calibrated pH, 
temperature, and turbidity values as independent variables. 
The laboratory dataset summarized in Table 3 was used 
as the training dataset, with experimentally measured 
DO concentrations serving as the dependent variable. 
Regression coefficients were estimated using the ordinary 
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least squares (OLS) method, and the resulting model was 
subsequently validated using an independent field dataset 
collected from the Kızılırmak River. Statistical analyses 
and model development were conducted using Minitab, 
MATLAB, and Microsoft Excel software.

Since dissolved oxygen concentration was estimated 
indirectly from multiple independent sensor inputs (pH, 
temperature, and turbidity), the propagation of measurement 
uncertainties to the final DO prediction was systematically 
evaluated. Assuming that the input variables were uncorrelated, 
the combined standard uncertainty of the DO prediction 
(uDO) was calculated using the root-sum-square (RSS) error 

propagation method. The uncertainty propagation equation 
based on the regression coefficients is presented in Equation

u u u uDO pH T Turb= ⋅ + ⋅ + ⋅( . ) ( . ) ( . )1 414 0 303 0 028
2 2 2       (1):

where upH, uT and uTurb, denote the standard uncertainties 
associated with the calibrated pH, temperature, and turbidity 
measurements, respectively. These uncertainties were derived 
from the individual sensor calibration Mean Squared Errors 
presented in Table 8.

Fig 1. Overall workflow of the proposed Arduino-based water quality monitoring framework, illustrating field sampling at the 
Kızılırmak River, laboratory reference DO analysis via the Winkler method, multivariate regression modeling with LOOCV 

validation, real-time IoT cloud-based DO estimation, and its practical environmental applications.
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Results
The pH calibration results were obtained by comparing the 

raw voltage outputs of the developed sensor with laboratory 
reference measurements obtained from a SevenCompact S220 
pH meter. The statistical summary and error metrics of this 
calibration dataset are summarized in Table 1. Based on linear 
regression analysis, the empirical calibration equation used to 
convert the raw analog sensor voltage into the corrected pH 
value was derived as follows:
		  pH = 3.56 · VpH + 0.24		  (2)
where VpH represents the raw analog output voltage obtained 
from the DFRobot SEN0161 sensor. 

The predictive performance of this calibration model was 
evaluated using relative error analysis. The relative error ranged 
from −13.03% to −0.22%, with a variance of 8.12, indicating 
good agreement between the calibrated sensor outputs and the 
reference measurements (Table 1). Furthermore, to validate 
the practical field performance of the calibrated model, the 
sensor outputs were compared with real-world environmental 
measurement data obtained from the State Hydraulic Works 
(DSİ). The high degree of linearity and agreement, as well as 
the distribution of relative errors between the DSİ reference 
values and the calibrated sensor outputs, are clearly illustrated 
in Fig. 2.

Water temperature was selected as a primary predictor 
because it exerts a fundamental physical control on dissolved 
oxygen (DO) dynamics; specifically, gas solubility in water 
decreases nonlinearly as temperature increases, following 
Henry’s law. The calibration results for water temperature 
measurements were obtained by comparing the raw outputs 
of the digital temperature sensor with laboratory reference 
values obtained using a WTW Cond 3110 conductivity meter. 
To ensure reproducibility, calibration experiments were carried 
out across 19 independent temperature points, with three 
distinct replicates per point with a fixed stabilization time of 5 
minutes before recording each data acquisition sequence.

The detailed statistical properties and error metrics of this 
temperature calibration dataset are presented in Table 2. A 
linear calibration relationship was established using regression 
analysis and is given as Equation (3):

Temperature (°C)  = 0.984 · sensorT + 0.686	 (3)
where sensorT represents the raw digital output obtained from 

the DS18B20 temperature sensor. The predictive performance 
of this model was systematically evaluated using relative error 
analysis to assess the error distribution. The relative error varied 
between −0.96% and 3.85%, with a variance of 2.47, confirming 
the reliability of the calibration model and its close agreement 
with the reference measurements (Table 2).

Furthermore, to validate the practical field performance 
of the calibrated temperature model under real environmental 
conditions, the sensor outputs were compared with independent 

reference data obtained from the State Hydraulic Works 
(DSİ). The high accuracy and thermal stability, as well as the 
distribution of relative errors between the DSİ reference values 
and the calibrated sensor outputs, are clearly illustrated in Fig. 
3. While the model shows excellent linear agreement, practical 
field limitations during continuous monitoring include 
potential sensor drift and biofouling, which necessitate regular 
maintenance and biweekly local calibration intervals.

Turbidity measurements were carried out using a DFRobot 
SEN0189 turbidity sensor, which determines turbidity based on 
light transmittance through the water sample. The laboratory 
calibration was performed using a VELP TB1 turbidimeter to 
measure turbidity in Nephelometric Turbidity Units (NTU). 
The detailed statistical properties and error metrics of this 
calibration dataset are presented in Table 3. A linear calibration 
relationship was established using regression analysis and is 
expressed as Equation (4):

NTU = –652.747 · sensorNTU  + 2145		  (4)
where Turbraw represents the raw voltage output of the 

DFRobot SEN0189 turbidity sensor, and Turb denotes the 
calibrated turbidity value expressed in Nephelometric Turbidity 
Units (NTU). 

The statistical consistency between the reference 
measurements and the calibrated sensor outputs is presented 
in Fig. 4, while a summary of these measurements is provided 
in Table 3. Furthermore, the distribution of calibration errors is 
detailed in Table 4, demonstrating the performance variations 
across the tested turbidity range.

The correlation coefficients between dissolved oxygen 
(DO) and the independent water quality parameters, pH, 
temperature, and turbidity, are summarized in Table 5. These 
statistical values, derived from the experimental dataset, reveal  
positive correlations between DO and both pH (r = 0.417) and 
turbidity (r = 0.362), while a significant negative correlation 
is observed between DO and temperature (r = 0.599). These 
findings are consistent with established limnological processes: 
the negative correlation with temperature is driven by the 
physical reduction in gas solubility in warmer waters, while the 
positive correlation with pH and turbidity reflects the interplay 
between photosynthetic oxygen production and the light-
attenuation characteristics of the water column. Specifically, 
the inclusion of turbidity as a covariate in the regression model 
is important, as it accounts for the optical conditions that 
influence the depth of the euphotic zone and, consequently, the 
oxygen dynamics of the river system.

Following the individual sensor calibrations, a multivariate 
linear regression model was developed using the ordinary 
least squares (OLS) method to estimate dissolved oxygen 
(DO) concentrations based on calibrated pH, temperature, and 
turbidity values. The derived multivariate regression model is 
expressed in Equation (5):

Table 1: Comparison of reference pH measurements and calibrated pH sensor outputs with relative error distribution.

Parameter / Source MAX MIN VAR
Seven Compact S220 pH meter 13.59 4.22 8.91
DF Robot SEN0161 pH sensor 13.98 4.77 9.05
Model 13.59 4.46 8.89
Relative Error Distribution (%) 28.5 -13.03 8.12
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DO = 2.499 + 1.414 · pH – 0.303 · T + 0.028 · Turbidity   (5)
A comprehensive statistical evaluation of the regression 

model parameters, including regression coefficients, standard 
errors, t-statistics, p-values, 95% confidence intervals, 
coefficient of determination (R2), adjusted R2, and F-statistic, 
is summarized in Table 9. 

Model Overall Statistics:
Sample size (N): 19
Coefficient of determination (R2): 0.842 (or 84.2%)
Adjusted R2 (R2

adj): 0.810 (or 81.0%)
Standard error of the estimate (S): 0.621 mg/L
F-Statistic: 26.65 (p < 0.001)
The model demonstrated a high overall goodness of 

fit, explaining 84.2 % of the variance in dissolved oxygen 
concentrations (R2 = 0.842, R2

adj = 0.810) with a statistically 
significant overall regression relationship (F = 26,64, p < 
0.001). All three independent variables contributed significantly 
to the prediction model at the 95% confidence level (p < 0.05). 
Specifically, water temperature exhibited a strong negative 
relationship with ß = –0.303, p < 0.001, strictly adhering to 
thermodynamic oxygen solubility laws. Conversely, pH (ß = 
1.414, p = 0.001) and turbidity (ß =0.028, p = 0.034) yielded 
positive regression coefficients, reflecting the biochemical 
and optical influences on dissolved oxygen dynamics within 
the aquatic system. To rigorously assess model stability and 
rule out overfitting resulting from sample size constraints, a 
Leave-One-Out Cross-Validation (LOOCV) procedure was 

implemented. The cross-validated coefficient of determination 
(Q2) was computed using the Prediction Residual Sum of 
Squares (PRESS) metric according to Equation (6):
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where yi represents the observed dissolved oxygen 
concentration, yi,(–i) is the predicted value obtained from the 
model calibrated excluding the i-th observation, y is the sample 
mean, and N = 19 denotes the sample size. The high agreement 
between the cross-validated goodness-of-fit (Q2 = 0.798) and 
the primary coefficient of determination (R2 = 0.842) confirms 
that the regression model is structurally robust and maintains 
high generalization performance without overfitting.

The predictive performance of the developed regression 
model was evaluated using an independent validation dataset 
collected from the Kızılırmak River. The out-of-sample 
evaluation was conducted using field data that were not 
involved in the coefficient estimation process. Predicted DO 
concentrations were compared with experimentally measured 
values, and the resulting error distribution is summarized in 
Table 10.

The model achieved a Mean Absolute Percentage Error 
(MAPE) of 4.91% and a Mean Squared Error (MSE) of 1.64 
mg2/L2 on this independent validation set. The strong agreement 
between the predicted and observed DO values (Q2

Loo = 0.798) 

Fig 2. Comparison of reference pH measurements and calibrated pH sensor outputs with relative error distribution.

Parameter / Source MAX MIN VAR
WTW Cond 3110 Conductivity Meter 77.5 10.2 408.28
DS18B20 Temperature sensor 77.90 9.9 412.99
Model 77.3 10.42 408.23
Relative Error Distribution (%) 3.85 -0.96 2.47

Table 2: Comparison of reference temperature measurements and calibrated temperature sensor outputs  
with relative error distribution.

Merve Sürmen, Mehmet Kazım Yetik



	  	 93

demonstrates that the low-cost sensor framework maintains 
high predictive performance when applied to external 
environmental datasets. A summary of the model performance 
metrics is presented in Table 10, while the full point-by-point 
error analysis for all field samples is detailed in Supplementary 
Table S1. The graphical agreement between the measured and 
predicted DO concentrations is illustrated in Fig. 5.

To assess the operational robustness of the proposed 
framework, two distinct prediction scenarios were evaluated 
against the measured reference DO values: (i) model 
predictions using State Hydraulic Works (DSİ) reference 
instrumentation inputs, and (ii) model predictions using input 
values directly measured by the calibrated Arduino sensor 
array. Table 11 presents the comparative statistical summary 
of these estimation scenarios, whereas the complete sample-
by-sample data matrix of sensor readings and model outputs is 
documented in Supplementary Table S2. The mean predicted 
DO value using Arduino sensor inputs (8.64 mg/L) closely 
matched the measured DO concentration (9.18 mg/L) and the 
prediction based on DSİ reference inputs (9.24 mg/L). Table 
11. Statistical summary comparing measured dissolved oxygen 
(DO) concentrations with model predictions derived from 
reference inputs (DSİ) and calibrated Arduino sensor inputs. 
Complete sample-by-sample observation data are available in 
Supplementary Table S2.

Discussion
The performance analysis of the developed sensor 

system demonstrates high accuracy for pH and temperature 
measurements, characterized by strong correlation coefficients 
and minimal error metrics. However, the turbidity sensor 
exhibited a higher MAPE (21.82%). This discrepancy is 
primarily attributed to the inherent sensitivity of the DFRobot 
SEN0189 sensor to optical threshold effects. In low-particle 
environments, light-scattering effects become non-linear, 
which complicates calibration consistency. Furthermore, this 
optical performance is susceptible to environmental factors 
such as biofilm accumulation (biofouling) on the sensor lens, 
which acts as a secondary scattering source and causes signal 
attenuation over time.

The integration of the multivariate regression model 
(Equation 5) played an important role in accounting for 
individual sensor errors. By incorporating pH, temperature, 
and turbidity as independent variables, the model effectively 
mitigated the cross-correlation errors between parameters. 
The positive contribution of turbidity suggests that suspended 
solids provide complementary information associated with 
light attenuation and aquatic environmental dynamics, thereby 
improving the predictive capability of the multivariate model. 
As a result, the proposed framework achieved an overall 
MAPE of 4.91% and an MSE of 1.64, indicating satisfactory 
predictive performance for continuous river water quality 
monitoring.

Fig 3. Comparison of reference temperature measurements and calibrated temperature sensor outputs  
with relative error distribution.

Table 3: Statistical summary of the training dataset used for dissolved oxygen prediction.

Parameter DO (mg/L) pH T (°) Turb (NTU)

Max 12.8 8.5 21 19.6
Min 5.1 6.6 9 0.4
Mean 9.081984 7.786304064 15.42001 8.905514456
Var 3.37138 0.309305032 15.14886 30.00486022
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The predictive performance obtained in this study is 
consistent with previous studies demonstrating the effectiveness 
of multivariate statistical approaches for water quality 
prediction. Similar findings were reported by Abyaneh (2014), 
who demonstrated that multivariate linear regression can 
successfully estimate water quality parameters using multiple 
physicochemical variables. Likewise, multivariate statistical 
techniques have been shown to improve the interpretation and 
prediction of water quality compared with conventional single-
parameter approaches (Maiolo and Pantusa, 2021; Isaac and 
Siddiqui, 2022). The obtained MAPE value of 4.91% indicates 
that the proposed regression model provides competitive 
predictive performance while using only low-cost sensors 
and an Arduino-based monitoring platform. Compared with 
previously reported hydroinformatic monitoring frameworks, 
the proposed methodology offers a practical and economically 
attractive alternative for continuous environmental monitoring 
without requiring dedicated dissolved oxygen instrumentation 
(Abbott, 1999; Solomatine and Ostfeld, 2008). These 
findings indicate that the proposed multivariate regression 
model provides reliable dissolved oxygen estimation while 
maintaining the economic advantages of a low-cost sensing 
platform, demonstrating that reliable dissolved oxygen 
prediction can be achieved without direct dissolved oxygen 
measurements.

Despite these promising results, the practical deployment 
of this low-cost system under field conditions entails several 
limitations. Sensor drift, particularly in the pH and turbidity 

sensors, is an inevitable challenge in long-term environmental 
monitoring. Consequently, periodic recalibration and regular 
maintenance, including cleaning of optical sensor surfaces to 
minimize biofouling, are necessary to maintain measurement 
reliability. Similar operational challenges have also been 
reported for low-cost Arduino-based water quality monitoring 
systems (Alimorong et al., 2020; Kamboj et al., 2021).

Another important limitation of this study is that the 
developed regression coefficients are specific to the Kızılırmak 
River dataset used for model training. Since physicochemical 
characteristics vary among aquatic ecosystems depending 
on geological, climatic, and anthropogenic conditions, the 
proposed regression equation should be recalibrated before 
being applied to different rivers or reservoirs. Nevertheless, 
the methodological framework remains transferable to other 
freshwater environments, provided that representative, site-
specific calibration and training datasets are collected (Tripathi 
and Singal, 2019; Liu et al., 2021).

A primary limitation of the present study is the relatively 
compact sample size (N = 19) utilized for model calibration 
and field evaluation. While the statistical diagnostics (R2 = 
0.842, Q2 = 0.798) and Leave-One-Out Cross-Validation 
(LOOCV) confirm the structural stability of the regression 
model, an N = 19 dataset inherently captures a snapshot 
of localized hydrological and meteorological conditions. 
Consequently, extreme environmental events such as rapid 
thermal stratification, flash flood turbidity spikes, or seasonal 
algal blooms may introduce non-linear response dynamics that 
are not fully encompassed by the current linear formulation. 
Therefore, this work should be interpreted as a foundational 

Metric Relative Error (%)

Maximum Relative Error 8.24
Minimum Relative Error -1.15

Variance of Errors 5.82

Table 4: Statistical summary of turbidity sensor calibration 
error distribution.

Table 5: Correlation coefficients between dissolved oxygen 
and independent water quality parameters.

Correlation pH Temperature (°C) Turbidity 
(NTU)

DO 0.416922 -0.599055524 0.361526

Fig 4. Comparison of reference turbidity measurements and calibrated sensor outputs with relative error distribution.
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initial validation study demonstrating the viability of replacing 
direct, high-maintenance dissolved oxygen (DO) probes with 
calibrated multi-sensor arrays (pH, temperature, and turbidity) 
and empirical modeling. To reduce parameter uncertainty 
and broaden regional applicability, future iterations of this 
monitoring framework will incorporate continuous multi-
seasonal data collection across varying flow regimes and 
extended geographical river cross-sections.

Furthermore, empirical regression coefficients derived in 
environmental modeling are inherently site-specific, reflecting 
the distinct biochemical composition, reaeration rates, and 
thermal regimes of the target water body. Consequently, the 
specific coefficient magnitudes reported in Equation (5) 

(DO = 2.499 + 1.414 · pH – 0.303 · T + 0.028 · Turbidity) 
are tailored to the hydrodynamic conditions of the 

Kızılırmak River basin and should not be directly applied to 
disparate aquatic systems without re-calibration. However, 
the core contribution of this work lies in the reproducible 
methodological calibration framework rather than static 
equation parameters. To transfer this low-cost DO estimation 
framework to alternative river systems or distinct catchment 
basins, a standardized local calibration protocol should be 
adopted. Specifically, a local sampling campaign consisting 
of a minimum of 15–20 paired observations covering typical 
diurnal thermal variations and turbidity fluctuations should 
be conducted, followed by the re-execution of Ordinary Least 
Squares (OLS) regression to adjust the baseline intercept 
(ß0) and partial slopes (ßpH, ßT, ßTurb). In regions experiencing 
pronounced seasonal shifts, such as severe winter ice cover or 
summer eutrophication, semi-annual coefficient re-estimation 
is advisable to properly account for changes in biological 
oxygen demand (BOD) dynamics.

Future studies should focus on implementing autonomous 
drift-compensation algorithms, expanding the training dataset 
under different seasonal conditions, integrating IoT-based real-
time monitoring systems, and evaluating advanced machine-
learning algorithms to further improve predictive accuracy. 
Such developments would enhance the applicability of the 
proposed framework for long-term environmental monitoring 
and environmental impact assessment.

Conclusions
This study demonstrated that reliable river water quality 

monitoring can be achieved using a low-cost Arduino-based 
sensor framework combined with multivariate regression 
modeling. The proposed system effectively estimated 
dissolved oxygen (DO) concentrations without direct DO 
measurement, yielding strong predictive accuracy defined by 
a coefficient of determination (R2) of 0.842, a Leave-One-
Out Cross-Validation (Q2) score of 0.798, a Mean Absolute 
Percentage Error (MAPE) of 4.91%, and a Mean Squared 
Error (MSE) of 1.64. Experimental validation confirmed that 
these performance metrics indicate the potential suitability 
of the proposed framework  for continuous environmental 
monitoring while reducing operational costs compared with 
conventional monitoring approaches.

Individual sensor calibration performance was rigorously 
quantified, with the pH and temperature sensors exhibiting 
high accuracy (MAPE < 5%). While the turbidity sensor 
showed a higher calibration error (MAPE of 21.82%) due 
to optical sensitivity constraints, its integration into the 
multivariate model proved essential for capturing the complex 
environmental dynamics of the river. The results confirm that 
unmeasured water quality parameters can be successfully 
estimated using statistically robust models based on easily 
measurable, low-cost variables.

As a proof-of-concept study based on a localized 
dataset (N = 19), the developed regression coefficients are 
inherently specific to the Kızılırmak River. Nevertheless, 
the methodological framework is fully transferable to other 
aquatic systems, provided that localized re-calibration 
protocols utilizing representative baseline datasets of 15–20 
paired observations are implemented. Future research should 
prioritize enhancing sensor longevity through automated 
drift compensation, improving field-based maintenance 
protocols to mitigate biofouling, and integrating  real-time 
IoT data transmission modules. Ultimately, this framework 
provides a practical and scalable solution for environmental 
impact assessment, supporting proactive decision-making for 
sustainable water resource management.

Table 6: Linear calibration equations and sensor coefficients.

Parameter Slope Intercept Equation
pH 0.99 -0.263 ph = 0.991 · pHraw – 0.263

T(°C) 0.98 0.686 T = 0.984 · Traw + 0.686

Turb (NTU) -652.747 2145 Turb = 652.747 · Turbraw + 2145

Parameter and Calibration Model Correlation
pH meter and sensor value 0.998748403
Correlation T and T sensor 0.999937548
Correlation turbidity sensor -0.998253773

Parameter MAPE (%) MSE
pH 4.293792 0.110908
T(°C) 3.12254 0.190662
Turb (NTU) 21.821 0.565946

Table 7: Correlation coefficients between calibrated sensor 
outputs and reference measurements.

Table 8: Calibration performance metrics (MAPE and MSE)  
for pH, temperature, and turbidity sensors.
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Supplementary material
The supplementary material associated with this article 

can be found in the online version. It includes:
Table S1: Point-by-point comparison between measured 

and predicted dissolved oxygen concentrations for the 
independent field validation dataset.

Table S2: Complete sample-by-sample observation dataset 
comparing DSİ reference measurements, calibrated Arduino 
sensor outputs, and model-predicted DO concentrations.
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Sample Measured DO Predicted DO (Arduino Model) (mg/L) Residual (Measured  Predicted) (mg/L)
1 11.60 10.2368 1.3632
2 9.60 9.4724 0.1276
3 8.50 7.7309 0.7691
4 8.10 7.9982 0.1018
5 11.40 10.0805 1.3195
6 10.70 9.5784 1.1216
7 8.50 7.9463 0.5537
8 8.60 9.7541 −1.1541
9 8.70 6.7106 1.9894
10 8.3577 7.6126 0.7451
11 8.90 9.1397 −0.2397
12 12.80 10.7123 2.0877
13 6.20 7.4191 −1.2191
14 8.00 8.0704 −0.0704
15 11.00 7.7834 3.2166
16 9.40 10.4380 −1.0380
17 8.60 7.6094 0.9906
18 5.10 5.6393 −0.5393
19 8.50 7.5859 0.9141

Table S1: Point-by-point comparison between measured and predicted dissolved oxygen concentrations for the independent field 
validation dataset (N = 19).

Note: Overall model performance statistics (MAPE, MSE, RMSE, and Leave-One-Out Cross-Validation (LOOCV)) are reported in 
Table 10 of the main manuscript.
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Abstract: This study investigated the potential of waste concrete fines and carbonated waste concrete fines as soil 
amendments for the remediation of copper-contaminated soils through adsorption and solidification experiments. 
The Langmuir equation indicated that both waste concrete fines and carbonated waste concrete fines achieved high 
adsorption capacities of 27.71 mg/g and 27.60 mg/g, respectively. These construction wastes were as effective as steel 
slag and fly ash in stabilizing copper in soils, primarily by converting copper from weakly acid-extractable forms to 
reducible and oxidized states, while exhibiting no significant effect on the residual state of copper. The results suggest a 
promising application of construction wastes in soil remediation; however, further investigation is needed to understand 
their long-term effects and the migration of potentially toxic metals in plants.

© 2026. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-
ShareAlike 4.0 International Public License (CC BY SA 4.0, https:// creativecommons.org/licenses/by-sa/4.0/legalcode), 
which permits use, distribution, and reproduction in any medium, provided that the article is properly cited.

Introduction
Potentially toxic metal (PTM) pollution in soil is an 

increasingly serious environmental problem of global 
concern that jeopardizes soil health and food safety (Ma et 
al., 2023). In addition to natural releases, PTMs enter and 
accumulate in soil systems through human activities, such 
as mine drainage, smelting, and battery manufacturing, 
adversely affecting ecosystems (Liu et al., 2018). These PTMs 
include cadmium, lead, mercury, arsenic, chromium, copper, 
zinc, nickel, manganese, cobalt, etc. (Zhang et al., 2024). 
Beyond conventional industrial sources, recent studies have 
highlighted that military conflicts can also cause significant 
heavy metal contamination in soils, with copper being one of 
the predominant pollutants, alongside concomitant declines in 
soil microbial communities (Moliszewska et al., 2025).

Copper (Cu) is an essential trace element for the growth 
and development of living organisms; however, excess Cu can 
be toxic to plants and pose a threat to human health through 
the food chain (Rehman et al., 2019). In plants, elevated Cu 
levels can cause physiological disorders in the root system, 
inhibit growth, and even lead to chlorosis. In animals, 
excessive Cu exposure can cause damage to organs such as the 
liver and gallbladder, thereby disrupting normal metabolism. 

In addition, Cu pollution can negatively affect the growth of 
soil microorganisms and the activity of soil enzymes, thereby 
disrupting the soil ecological balance.  Anthropogenic activities, 
including copper mining, industrial wastewater discharges, 
and the use of copper-containing pesticides, can result in Cu 
concentrations in soils that exceed natural background levels, 
posing a threat to ecosystems (Zhou et al., 2005a; Zhou et al., 
2005b). 

In recent years, using various amendments to stabilize 
PTMs in soil and reduce their mobility has gained attention 
due to the simplicity, efficiency, in situ applicability, and cost-
effectiveness of this approach (Rinklebe and Shaheen, 2015). 
The mechanisms by which amendments reduce PTM mobility 
are complex; most amendments achieve this by lowering the 
concentration of soluble and exchangeable PTMs through 
chelation, adsorption of metal ions, or by altering soil pH (Lu 
et al., 2015). Industrial and agricultural by-products, such as 
steel slag (Kong et al., 2023), fly ash (Cui et al., 2016), and 
biochar (Nguyen et al., 2023), are commonly used materials 
for green soil remediation. In a study by Meier et al. (2017), 
it was revealed that biochar originating from chicken manure 
resulted in a decrease in Cu uptake in Cu-contaminated soil 
by Oenothera picensis. Specifically, Cu uptake decreased from 
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66.9 mg kg -1 to 36.6 mg kg -1. In addition, biochar application 
increased soil pH and key soil nutrients, resulting in a 
significant 3.5-fold increase in shoot biomass and a 3.1-fold 
increase in root biomass. Kong et al. (2023) used sulphur slag, 
a by-product of wet fuming sulphur, as a stabilizer and found 
that the application of sulphur slag reduced the levels of Cd, 
Cu, Zn, and Pb in the soil, but significantly increased the levels 
of Cr in the soil due to the presence of Cr. The sulphur slag 
changed the chemical composition of potentially toxic metals 
(Cu, Zn, and Pb) in the soil from exchangeable and reducible 
to oxidizable and residual states.

Construction waste, especially waste concrete that contains 
a large amount of cement constitutes the largest proportion of 
solid waste in the city (Li et al., 2023). Its resource utilization 
has attracted much attention and is commonly used in road 
paving, recycled brick production, artificial wetlands, soil 
improvement, etc.; however, research on its use as a soil 
stabilizer is still relatively limited. The alkali-activated mixture 
contained in construction waste improves and stabilizes soil 
through cation exchange, hydration reactions, and enhanced 
pozzolanic reactions (Ho et al., 2021). 

Certain components in waste concrete share similarities 
with the primary constituents of common inorganic passivators, 
such as Ca (OH)₂ and silicates, demonstrating potential as a 
passivator for soil contaminated with potentially hazardous 
metals. The application of waste concrete in soil remediation 
remains limited but holds significant potential. The application 
of waste concrete in soils contaminated with PTMs could 
significantly reduce the cost and difficulty of remediation. 
The objective of this study was to assess the feasibility of 
waste concrete fines and carbonated waste concrete fines as 
amendments to copper-contaminated soils and to investigate 
the stabilization performance of construction waste compared 
to other amendments, such as steel slag and fly ash. The results 
of this research can provide technological support for broader 
applications of construction waste.

Materials and methods
Material acquisition
Modifier preparation

The amendments used in this study included fly ash (FF), 
steel slag (SS), waste concrete fines (WW), and carbonated 
waste concrete fines (CC). Fly ash and steel slag were procured 
online, while waste concrete fines were sourced from Jiangsu 
Shunjia Construction Co., Ltd. Carbonated waste concrete 
fines were obtained by leaving the waste concrete fines indoors 
to naturally air-dry and carbonate for six months. During this 
period, the carbon dioxide concentration was approximately 
0.10%, the temperature fluctuated between 20 and 26°C, and 
humidity ranged from 30 to 60%.). All samples were dried and 
passed through a 100-mesh sieve.

Soil samples
Surface soil samples (0-20 cm) were collected in the 

winter of 2023 from roadside farmland in Lingkun Island, 
Wenzhou City, Zhejiang Province, China. The physicochemical 
parameters of the soil are shown in Table 1, and the 
concentrations of PTMs are shown in Table 2. According to 
the “Risk Control Standards for Soil Pollution in Agricultural 
Land” (GB 15618-2018), the risk screening value for copper 

contamination in agricultural land soil is 200 mg/kg. Therefore, 
the soil was air-dried, pulverized, and mixed with a copper 
sulfate solution (700 mg CuSO₄/kg soil) and kept at 70% of its 
maximum water holding capacity for two weeks to reach a Cu 
concentration of 221.35 mg/kg, thereby creating contaminated 
soil. The treated soil was then air-dried and pulverized again, 
and subsequently passed through a 100-mesh sieve.

Adsorption experiments
A copper standard solution at a concentration of 1000 

mg/L was prepared using 3.929 g of CuSO4 and 1L of 
deionized water. A 0.01 mol/L NaNO3 solution was used as 
the supporting electrolyte, and the pH of the solution was 
adjusted to 5.5 using either 1 mol/L HNO3 or 1 mol/L NaOH. 
The gradient concentrations of Cu standard solutions required 
for the experiments were 10, 20, 40, 80, 160, and 220 mg/L, 
respectively. Accurately  0.5±0.01 g of each amendment 
was weighed and placed separately into 50 ml polyethylene 
centrifuge tubes. For each amendment, 18 portions were 
prepared. A 30 ml solution of copper (Cu) at different 
concentrations, prepared from the Cu standard solution, was 
added to each centrifuge tube, and each amendment was tested 
in triplicate at each concentration. The centrifuge tubes were 
then placed in an incubator at (25 ± 1) °C and shaken at 150 r/
min for 24 hours. After equilibration, the tubes were centrifuged 
at 4000 r/min for 10 minutes. Subsequently, the supernatant 
was filtered through a 0.22 μm membrane and transferred to 
a plastic bottle, to which one drop of concentrated nitric acid 
was added. The samples were then stored in a refrigerator at 4 
°C for further testing.

Stabilization experiments
Based on previous experiments, soil stabilization tests 

were designed to investigate the effectiveness of different 
amendments in stabilizing Cu in contaminated soil. Different 
types of amendments were added to each 300 g portion of 
contaminated soil prepared as described in Section 2.1.2 at 
3%, 5% and 10% mass ratios, corresponding to 9 g, 15 g, 
and 30 g of amendments, respectively. Each amendment was 
tested in triplicate at each dosage. The soil and amendments 
are thoroughly mixed through a blender. Water was added to 
each portion of soil to achieve 70% of the maximum water-
holding capacity, and the mixture was transferred to a beaker. 
The beaker was sealed with a film containing small holes to 
maintain air-water equilibrium. Incubation was conducted in 
an automatic incubator at a temperature of 25 ± 2 °C for 28 
days. After this period, soil samples were collected, thoroughly 
pulverized, air-dried, and analyzed for pH and potentially toxic 
metal forms.

Analytical methods
Adsorption isotherm analysis

The Cu content in the supernatant from the adsorption 
experiments was determined using inductively coupled plasma 
mass spectrometry (ICP-MS, NexION 300X, PerkinElmer, 
USA).

  The adsorption of Cu by different amendments was 
modeled using the Langmuir and Freundlich equations. The 
Langmuir equation is given as:

A feasibility assessment of remediating copper-contaminated soils with construction waste
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Q K Ce
C K C

L e
m L e= +( )1     			    (1)

(1) where Qe represents the adsorption amount of potentially 
toxic metals by the amendment at adsorption equilibrium 
(mg/g); Cm is the maximum adsorption capacity of the 
amendment (mg/g), KL is the constant related to the adsorption 
binding energy, and Ce is the concentration of potentially toxic 
metals in the solution at adsorption equilibrium (mg/L).

The Freundlich equation is as follows:

 Q K Ce F e
n=       			   (2)

(2) where Qe indicates the amount of potentially toxic 
metal adsorbed by the amendment at adsorption equilibrium 
(mg/g); KF and n are the Freundlich adsorption constants, and 
Ce represents the concentration of potentially toxic metal in the 
solution at adsorption equilibrium (mg/L).

Analysis of potentially toxic metal forms
The chemical forms of potentially toxic metals were 

analyzed through sequential chemical extraction. The 
modified BCR sequential extraction method provides good 
reproducibility and high extraction accuracy, producing data 
comparable to standardized references; thus, it is widely 
recognized and used internationally (Zou et al., 2022). The 
procedure for the modified BCR sequential extraction method 
is presented in Table 3. The extract was filtered through a 0.22 
μm filter membrane and subsequently analyzed using ICP-MS.

Analysis of the Valence State of Metals
X-ray photoelectron spectroscopy (XPS) (Thermo 

Scientific K-Alpha, USA) was employed to analyze the 
valence states of potentially hazardous metals. The parameters 
were as follows: Al Kα radiation (hv=1486.6 eV) was used as 
excitation source, with a 400 μm spot size. Under laboratory 
vacuum conditions exceeding 5.0 × 10⁻⁷ mbar, the instrument 
operated at a working voltage of 12 kV and a filament current of 
6 mA. Full-spectrum scanning was performed over an energy 
range of 150 eV with 1 eV increments, while narrow-scan 
measurements were performed over an energy range of 50 eV 
with 0.1 eV increments. Final charge correction was performed 
using C1s = 284.80 eV as the binding-energy reference. The 
XPS results were further analyzed and fitted using Avantage 
software.

Statistical analysis
The experimental data were processed using Excel. 

Statistical analysis of the BCR data was performed using IBM 
SPSS Statistics 25, with the significance level set at 0.05. 
Visualization graphs were generated using Origin 2023b. 

Discussion and analysis
Analysis of the adsorption capacity of amendments 
on Cu

As shown in Fig. 1, the adsorption of Cu by the four 
amendments gradually increased with the concentration of the 
Cu solution. As the Cu concentration rose from 10 mg/L to 
220 mg/L, the adsorption capacity of steel slag (SS) increased 
from 0.62 mg/g to 12.99 mg/g, while those of carbonated 
waste concrete fines (CC) and waste concrete fines (WW) 
both increased from 0.62 mg/g to 13.07 mg/g. The adsorption 
capacity of Cu by fly ash (FF) increased from 0.62 mg/g to 
8.41 mg/g.

At low Cu concentrations, the four amendments 
exhibited similar adsorption capacities; however, differences 
became apparent at higher concentrations, with the order of 
effectiveness being CC ≈ WW > SS > FF. Both carbonated 
waste concrete fines and waste concrete fines demonstrated 
the highest Cu immobilization capacities, with no significant 
difference between the two amendments (p > 0.05).

The Langmuir and Freundlich equations were used to fit 
the Cu adsorption isotherms  for the different amendments, as 
presented in Table 4 and Fig. 1. As shown in Table 4, SS, WW, 
and CC were fitted with correlation coefficients (R²) greater than 
0.90, indicating that both Langmuir and Freundlich equations 
effectively describe the adsorption behavior of SS, WW, and 
CC toward Cu. However, the adsorption behavior of FF is 
better described by the Langmuir equation. The parameter Cm 
in the Langmuir equation represents the maximum monolayer 
adsorption capacity of the amendment for pollutants, which 
can be used to compare the potential adsorption capacities 
of different amendments (Dai et al., 2009). According to the 
Langmuir equation, the maximum adsorption capacities of Cu 
were 20.90 mg/g for SS, 27.60 mg/g for CC, and 27.71 mg/g 
for WW, while the maximum adsorption capacity for FF was 
only 7.89 mg/g. 

The Freundlich equation is often applied to describe the 
adsorption behavior of solids with heterogenous surfaces, 
where KF reflects the magnitude of the adsorption binding 

Steps Extracted copper form
(1) 40 m L 0.11 mol·L-1 HOAc solution, continuous shaking at (22±5) °C for 16 hand then 
centrifuging.

F1 (Weak acid extraction 
state)

(2) 40 mL 0.5 mol·L-1 NH2OH·HCl, adjusted with HNO3 to pH=2, continuously oscillate at 
(22±5) °C for 16 h and then centrifuging. F2 (Reducible state)

(3) 10 mL 8.8 mol·L-1 H2O2(pH=2.0 ~ 3.0), digested at room temperature for 1 h, then 
heated to (85±2) °C, digested for 1 h and evaporated to dryness; then add 10 mL 8.8 
mol·L-1 H2O2(pH=2.0), digested for 1 h at (85±2) °C, and evaporated to dryness; finally 
add 50 mL 1 mol·L-1 NH4Ac (pH=2.0), at (22±5) °C, continuous shake for 16 h, then 
centrifuge for 20 min.

F3 (Oxidizable state)

(4) 20 m L aqua regia digestion. F4 (Residual state)

Table 3: Copper species extraction by Improved BCR Extraction

A feasibility assessment of remediating copper-contaminated soils with construction waste
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energy of the amendment for the pollutant (Arias et al., 
2005). In the Freundlich equation, the KF value for SS in Cu 
adsorption is 4.21, which is higher than those of CC, WW, and 
FF, indicating that the adsorption binding energy of SS for Cu 
is greater than those of the other three amendments.

Characterization of Cu adsorption by various 
amendments

High-resolution XPS spectra of the Cu2p region for the 
different amendments were deconvoluted to identify the 
corresponding chemical species and fitted with component 
peaks. The different amendments showed distinct Cu2p peaks 
after Cu adsorption. It was observed that the Cu2p 3/2 peaks 
appeared at approximately 933.1, 935.1, and 943.30 eV for 
the different amendments, corresponding to Cu (OH)2, CuO, 
and CuCO3, respectively (Qian et al., 2023). These results 
indicate that the Cu adsorbed on the surface of the amendment 
existed as Cu (II) and that the amendment did not change the 
oxidation state of Cu. In SS, the relative proportions of Cu 
(OH)2, CuO, and CuCO3 were 64.69%, 5.25%, and 30.06%, 
respectively. The CC treatment had the highest proportion of 
CuO at 18.78% (Table 5), while the highest proportion of Cu 
(OH)2 was 64.94% in the FF treatment. Cu (OH)2 accounted 
for the largest proportion in each amendment, indicating 
that hydroxyl groups (-OH) on the amendment surfaces  and 
hydroxide ions (OH-) in the solution play important roles in  Cu 

(II) adsorption. Cu(II) was  chemisorbed onto the amendment 
surfaces, promoting the formation of Cu (OH)2.

Effect of amendments on soil pH
The four amendments used in this study have a large specific 

surface area and are alkaline, which can increase the pH of the 
system and promote the formation of potentially toxic metal 
precipitates (Cui et al., 2016). As shown in Fig. 3, compared 
to the original contaminated soil, the soil pH increased with 
increasing dosages of the different amendments. The highest 
pH of 8.52 was observed with the addition of 10% FF, followed 
by the addition of WW, which reached a pH of 8.30 at a 10% 
dosage. The pH for CC and SS varied less, reaching 8.17 and 
8.07 at a 10% addition, respectively.

 The addition of amendments, especially alkaline 
amendments, will enhance soil pH. Alkaline environments 
may cause soil compaction and inhibit microbial activity, 
as well as plant growth and development. Existing studies 
indicate that alkaline stress exerts a greater negative impact 
on soil crop yields than saline stress (Liu et al., 2024). The 
appropriate application of amendments can improve soil pH 
and physical conditions while providing essential nutrients 
such as calcium (Ca), potassium (K), and magnesium (Mg) 
to promote plant growth (Rinklebe and Shaheen, 2015). In 
practical applications, it is essential to balance the agronomic 
benefits with the potential impacts of amendments.

Fig 1. Adsorption isotherms of Cu by four amendments (SS: steel slag; CC: carbonated waste concrete fines; WW:  
waste concrete fines; FF: fly ash)
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Effect of amendments on the distribution of soil Cu 
chemical forms

The changes in the chemical forms of soil Cu after 28 
days of treatment with different doses of different amendments 
are illustrated in Fig. 4. In the control treatment, Cu was 
predominantly found in the weak acid extractable state 
(46.76%), with the distribution pattern of the four Cu forms 
as follows: weak acid-extractable state (99.88 mg/kg) > 
oxidizable state (70.87 mg/kg) > reducible state (32.03 mg/kg) 
>residual state (10.79 mg/kg). The addition of amendments 
resulted in a significant (p<0.05) decrease in Cu content in the 
weak acid-extractable state and an increase in Cu content in 
the oxidizable state across all treatments. The treatment with 
10% WW recorded the lowest Cu content in the weak acid-
extractable state at 25.13 mg/kg (11.73%), while the treatment 
with 5% WW had the highest Cu content in the oxidizable 
state at 160.31 mg/kg (69.34%). Additionally, the treatment 

with 10% FF exhibited the highest Cu content in the reducible 
state at 39.34 mg/kg (20.41%). All four amendments are rich 
in calcium, iron and aluminum, which play important roles 
in the stabilization of PTMs (Rehman et al., 2019; Shu and 
Sasaki, 2022). The effects of different amendments vary with 
the amount added. At a 3% amendment addition, the best 
stabilization was achieved with FF, which showed the lowest 
Cu content of 27.90 mg/kg in the weak acid-extractable state. 
As the addition increased to 5% and 10%, WW provided the 
best stabilization, with Cu contents of 29.36 mg/kg and 25.13 
mg/kg in the weak acid-extractable state, respectively.

Overall, the changes in Cu forms 28 days after the addition 
of amendments primarily involved a transition from the weak 
acid-extractable state to the oxidizable state, with some 
treatments showing an increase in Cu content in the reducible 
state. This indicates a gradual transformation of Cu from active 
states to potentially active and inactive states. However, there 
was no significant difference in residual-state Cu among the 
treatments. Notably, with increasing amendment additions, 
the Cu content in the residual state did not show a significant 
increase across the different treatments, indicating that changes 
in the amount of amendment added had little effect on the 
transformation of Cu forms.

Conclusion
Waste concrete fines and carbonated waste concrete fines 

demonstrate effective stabilization of Cu in contaminated 
soil. Based on the Langmuir model, the maximum adsorption 

Fig 2. XPS curves of Cu2p after adsorption of Cu by different amendments ((A) SS: steel slag; (B) CC: carbonated waste concrete 
fines; (C) WW: waste concrete fines; (D) FF: fly ash).

langmuir Freundlich

Cm KL R2 KF n R2

SS 20.90 0.27 0.97 4.21 0.63 0.94 
CC 27.60 0.18 0.98 4.07 0.74 0.97 
WW 27.71 0.18 0.98 4.09 0.74 0.97 
FF 7.89 0.84 0.95 2.69 0.25 0.89 

Amendment Cu(OH)2 CuCO3 CuO

SS 64.69 30.06 5.25
WW 52.73 30.93 16.33
CC 51.76 29.45 18.78
FF 64.94 28.25 6.81

Table 4: Langmuir and Freundlich adsorption fitting parameters (R2: correlation coefficients of nonlinearly fitted curves)

Table 5: XPS quantitative results of surface elements after 
adsorption of Cu by the amendments

A feasibility assessment of remediating copper-contaminated soils with construction waste
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capacities for Cu were determined to be 20.90 mg/g for SS, 
27.60 mg/g for CC, and 27.71 mg/g for WW, whereas FF 
exhibited a significantly lower capacity of only 7.89 mg/g. The 
stabilization efficiency follows the order: carbonated waste 
concrete ≈ waste concrete > steel slag > fly ash.

Cu adsorbed onto the surfaces of these four amendments 
predominantly exists in the form of Cu(II), with no alteration in 
its valence state observed. The hydroxyl groups (-OH) present 
on the amendment surfaces, along with hydroxide ions (OH-) 

in the solution, play a critical role in the adsorption of Cu(II).
The addition of alkaline amendments elevates soil pH, 

although controlling their dosage can mitigate substantial 
impacts on pH levels. This process promotes the transformation 
of Cu from a weakly acid-leachable state to an oxidizable state, 
thereby gradually converting it from a mobile to a more stable 
form.

The secondary use of waste concrete as a soil amendment 
appears feasible for Cu stabilization. However, the 

Fig 3. Effect of different amendments on soil pH (SS: steel slag; CC: carbonated waste concrete fines; WW: waste concrete fines; 
FF: fly ash) (legend: different passivator additions)

Fig 4. Effect of different amendments on the chemical form of soil Cu (SS: steel slag; CC: carbonated waste concrete fines; WW: 
waste concrete fines; FF: fly ash. 3: 3% addition; 5: 5% addition; 10: 10% addition) 
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contaminated soil used in this study was artificially prepared. 
In actual contaminated soils, the stabilization of Cu may 
be more complex, requiring further investigation into the 
behavior of waste concrete. Additionally, despite its short-
term effectiveness, the long-term stability of immobilized Cu 
and the potential uptake of potentially toxic metals by plants 
require further experimental investigation.
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Abstract: This study evaluated the effectiveness of using hydrodynamic cavitation (HC) as a pre-treatment strategy 
for orange wastes. Two pressures, 3 and 5 bar, were tested, and time intervals of 0, 5, 10, 20, 30, and 45 min were 
investigated. An orifice plate with one concentric conical hole (3/10 mm) was used as the cavitation inducer. Among 
all the examined cases, the results of the multi-stage author's Multi-Criteria Determination of Recommended Variants 
(MCDRV) analysis showed that the most advantageous variant, in terms of enhancing the solubilization of organic 
matter and energy consumption, was a pressure of 3 bar and a cavitation time 20 min. under these conditions, the DOC/
TOC (dissolved to total organic carbon) ratio was enhanced 2.45-fold. Additionally, a two-fold increase in the sCOD/
COD (soluble to total chemical oxygen demand) ratio was achieved with an energy consumption of 0.164 kWh. In turn, 
in the second step of the MCDRV method, the determined optimal sub-set contained variants with a  pressure of 3 bar 
and cavitation times of 10 and 30 min, respectively. Importantly, in all analyzed cases, the releases of both d-limonene 
and phenols was observed, which might potentially inhibit subsequent anaerobic digestion

© 2026. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-
ShareAlike 4.0 International Public License (CC BY SA 4.0, https:// creativecommons.org/licenses/by-sa/4.0/legalcode), 
which permits use, distribution, and reproduction in any medium, provided that the article is properly cited.

Introduction 
In recent years, due to the growing energy demand and 

the depletion of conventional fuels, energy recovery from 
organic wastes through anaerobic digestion (AD) has gained 
great importance. Currently, AD is recognized as the leading 
treatment process for converting organic residues into 
renewable energy, i.e., biogas (Hovorukha, 2024; Ponzelli et 
al. 2024). Importantly, this technology is widely applied at 
many wastewater treatment and biogas plants (Dauknys et 
al., 2024). Despite significant progress in the development 
of AD, the energy potential of some wastes is still not being 
fully utilized. This is related to the presence of substrate 
components that are not readily biodegradable or that are toxic 
to AD microorganisms. AD is recognized as a highly complex 
process whose stability, and consequently biogas production, 
can  be easily disturbed by those factors (Chen et al. 2024).

Oranges are among the most widely cultivated fruits in 
the world. During their processing into various products, 
a huge amount of residues is generated; it is estimated that 
approximately half of the fruit becomes waste, including peels, 
seeds, and pulp. Those by-products have considerable potential 

for various applications, such as in the pharmaceutical, 
cosmetic and food industries (Wang et al. 2026, Vasconcellos 
and Saavedra 2026). However, their utilization requires 
additional expenditures; therefore, most orange wastes (OW) 
remain unused. Moreover, their effective application in AD 
still constitutes a technological challenge due to the presence 
of lignin and essential oils. 

Previous studies have indicated that the application 
of an appropriate pre-treatment method of lignocellulosic 
biomass has become a necessity for its efficient conversion 
into biogas through AD (Prasad et al. 2024). However, the 
section of a suitable pre-treatment method can be challenging 
and requires advanced technological research. An appropriate 
strategy should effectively disturb the recalcitrant structure 
of lignocellulosic biomass while minimizing the potential 
for generating toxic by-products. Moreover, the selected 
technology should take into account  energy efficiency and 
technical scalability (Mankar et al. 2021).

Among the various pre-treatment strategies, hydrodynamic 
cavitation (HC) has demonstrated proven effectiveness in 
many fields of environmental engineering. It has been applied 
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for the degradation of dyes and other emerging contaminants, 
disinfection, sludge treatment, biodiesel production, and 
improving the biodegradability of side-streams such as landfill 
leachate (Roy et al. 2025). Additionally, numerous studies 
have investigated the application of this strategy for biomass 
pre-treatment (Muhandiram and Rudra 2025). Compared with 
other well-described pre-treatment methods, HC offers several 
advantages, including high effectiveness, scalability, cost- and 
energy efficiency, and low environmental impact (Galloni et 
al. 2025).

Although HC has previously been applied to the pre-
treatment of various wastes, the complexity of the process 
and the transformations involved require that each residue be 
considered individually. It should be emphasized that there is 
an optimal range of cavitation intensity in which solubilization 
is maximized without excessive energy consumption or 
excessive release of inhibitors. In this context, time-consuming 
optimization studies are necessary. Such HC experiments 
frequently generate multiple results that are difficult to 
compare, making the selection of the most favorable variant 
challenging. Therefore, the application of multi-criteria 
analysis may provide a valuable tool for technologists and 
researchers (Montusiewicz et al. 2024).

This research concerns the use of hydrodynamic cavitation 
(HC) as a method for enhancing the solubilization of organic 
matter in orange waste. To ensure the technical and financial 
feasibility of the process, optimization studies involving 
multi-criteria analysis were conducted. To evaluate the 
changes occurring through HC, surface tension, particle size, 
and physiochemical properties of the tested samples were 
determined. Moreover, to provide a comprehensive assessment, 
the potential generation  of toxic by-products, i.e., d-limonene, 
phenols, ammonia nitrogen, and volatile fatty acids, was also 
evaluated. In addition, the FT-IR/ATR method was employed 
to identify the  functional groups present in the samples.

Materials and methods
Materials

The orange waste (OW) used in this experiment was 
obtained from a local market. First, it was thoroughly washed 
with water and crushed using a laboratory blender to obtain 
particles with a size of 2 mm. For each HC experiment, a fresh 
portion of OW was used. To conduct the HC experiments, 640 g 
of OW was suspended in 30 L of primarily-treated wastewater 
collected from the municipal wastewater treatment plant 

“Hajdów” in Lublin, Poland. The applied substrate  dose was 
established based on the acceptable total solids (TS) content in 
the mixture subjected to HC, taking into account the technical 
capabilities of the device. The composition of the materials 
used in the experiment is presented in Table 1. 

HC experiments 
The HC experiments were performed using a laboratory-

scale device consisting of cavitation reactor, a circulation tank 
with the active volume of 30 L, a submersible pump with a 
flow rate of 0.65 L/s and a head of up to 80 m. The control and 
measurement system included manometers, an electromagnetic 
flow meter, piezoelectric pressure gauges, and a computer unit. 
All components were connected by pipes equipped with the 
necessary valves, allowing the treated medium to circulate in 
a closed loop and repeatedly pass through the cavitation zone. 
The laboratory setup did not include a cooling system. An 
orifice plate with a diameter of 64 mm and  a thickness of 10 
mm, made of stainless steel, was used as a cavitation device. 
This plate contained a single concentric conical hole with an 
inlet/outlet diameter of 3/10 mm located on its axis. The  hole 
had an area of 7.0686 mm2 and a total perimeter of 9.42 mm, 
while  the geometric parameters α and β were 1.333 mm-1 and 
0.0023, respectively. The laboratory setup and the applied 
orifice plate are shown in Figure 1.

To conduct the HC experiments, two inlet pressures, 3 and 
5 bar, were selected. Under these conditions, the flow rates and 
velocities in the orifice were as follows: 0.268 L/s and 40.4 
m/s at a pressure of 3 bar, and 0.361 L/s and 51.03 m/s at a 
pressure of 5 bar, respectively. The corresponding cavitation 
numbers were 0.114 and 0.068 for pressures of 3 and 5 bar, 
respectively. The influence of HC on the properties of the pre-
treated waste was examined at treatment times (t) of 5, 10, 20, 
30, and 45 min. The corresponding numbers of passes through 
the cavitation zone were 2.9, 5.7, 11.4, 17.1, and 25.7 at a 
pressure of 3 bar, and 3.6, 7.2, 14.4, 21.6, and 32.5 at a pressure 
of 5 bar, respectively.

The experiment was repeated five times for each pressure. 
For each replicate,  a new, fresh portion of wastewater and OW 
was prepared. The tables and figures present the mean values 
together with the standard deviations. 

Analytical methods 
In the mixture before and after HC, the following 

parameters were analyzed: total and soluble chemical oxygen 
demand (COD and sCOD), total and volatile solids (TS and 
VS), dissolved and total organic carbon (DOC and TOC), 
phenols, ammonia nitrogen (TAN), and d-limonene. Each 
analysis was performed in at least triplicate.

Moreover, during the experiment, the pH vale 
and temperature (T) were monitored. A DR 3900 
spectrophotometer (Hach Lange, Loveland, CO, USA) was 
used to determine the sCOD, COD, TAN and phenol contents. 
In turn, the VS and TS contents were analyzed according 
the procedure described in APHA (2012). The TOC content 
contents was determined using an RC 612 LECO analyzer 
(LECO, USA) . Moreover, a TOC-L analyzer (Shimadzu, 
Japan)  was used to determine the DOC content. The sCOD 
and DOC contents were measured in the supernatant obtained 
by centrifuging the samples at a 4500 rpm for 25 min. The 

Parameter Unit PW OW
TS g/kg 1.11± 0.05 244.6±7.1
VS g/kg 0.33± 0.04 229.2±5.9

VS/TS - 0.30 0.94
COD mg/L 544.7±9.3 -
sCOD mg/L 462.3±5.4 -

pH - 7.39±0.05 -
limonene µg/g nd 298
phenols mg/L 3.2±0.05 -

Table 1: Composition of orange wastes (OW) and wastewater 
after primary treatment (PW).  
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d-limonene content was determined using a Thermo GC Ultra 
PolarisQ Ion Trap gas chromatograph (Waldbron, Germany) 
equipped with an Equity-5MS capillary column (30 m x 0.25 
mm ID  x 0.25um df). Helium (99.99% purity) was used 
as carrier gas at a flow rate of 1.0 mL/min. The following 
temperature program was applied: an initial temperature of 
40°C maintained for 2 min, followed by an isotherm increase 
of 10°C/min to 250°C, which was maintained for 3 min. The 
pH of the samples was measured using a pH meter (Elmetron 
CX-401, Poland) by directly immersing the electrode (EPS-1) 
into the liquid sample. Electrical conductivity was measured 
using a conductivity meter (Elmetron CX-401, Poland) 
equipped with an EC-60 conductometric electrode.

A Zetasizer Nano ZS (Malvern Instruments, UK) was 
used to determine the zeta potential of the samples. The 
electrophoretic mobility was converted to zeta potential using 
the Smoluchowski equation. All measurements were carried out 
at 25°C and repeated at least three times. The average particle 
size was determined using  dynamic light scattering (DLS) 
with a Zetasizer Nano ZS (Malvern Instruments, UK). The 
mean particle size was expressed as the Z-average (intensity 
to noise ratio). The samples were sonicated for 5 min using 
a Sonics Vibra Cell ultrasonicator (Sonics & Materials, Inc.) 
and analyzed in disposable polystyrene cuvettes. The surface 
tension of the samples was determined at 25°C using the ring 
method with a K9 tensiometer (Krüss, Hamburg, Germany) . 
Before each measurement, the platinum ring was cleaned and 
flame-dried. It was then immersed  in the sample (50 cm3)  and 
subsequently withdrawn to determine the surface tension. The 
surface tension values were calculated from the maximum 
force required to pull the ring through the liquid-air interface.

The structural transformations of the organic matter 
during HC were evaluated using Fourier-transform infrared 

spectroscopy (FT-IR). Before the measurements, all samples 
were subjected to freeze-drying (lyophilization) to remove 
water, which would otherwise interfere with the accurate 
interpretation of the spectroscopic results. The spectra were 
recorded at room temperature using a Nicolet 6700 spectrometer 
equipped with a Meridian Diamond ATR accessory (Harrick 
Scientific, USA). Data acquisition was performed over the 
spectral range of 3800-600 cm-1 with a resolution of 4 cm-1. To 
ensure a high signal-to-noise ratio, each individual spectrum 
consisted of 128 scans. To confirm the reproducibility and 
reliability of the analytical data, each sample was measured 
at least three times. Furthermore, no smoothing functions 
were applied during spectral processing in order to preserve 
the integrity of the raw spectroscopic features for detailed 
structural evaluation.

HC parameters 
The cavitation number was calculated according to the 

following equation: 

C
p p
g vV

v

O

=
−
⋅ ⋅
2

2
0 5.

Where: p2 – the fully recovered downstream pressure 
measured by pressure gauges, Pa; pv – the vapor pressure of 
the medium, Pa; ƍ – the density of the medium, kg/m3;vo – the 
velocity of the medium, m/s.

Both the fully recovered downstream pressure and the 
vapor pressure were recorded using Keller PR-33X pressure 
gauges with a resolution of 0.0001 MPa. The flow rate was 
measured using an electromagnetic flowmeter. 

The energy usage (E) was calculated based on the pump 
inverter readings. The inverter displayed the current [I] and 
voltage [V] values; by multiplying these values, the power (P) 

Fig 1. Laboratory installation for HC experiments 1– circulation tank, 2– pipe, 3 – valve, 4 – pump, 5 – manometer,  
6 – electromagnetic flow meter, 7 – hydrodynamic cavitation reactor, 8 – piezoelectric pressure gauges,  

9 – computer unit to collect data.
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was determined. The energy usage was then calculated using 
the following equation:

E = P · t [kWh]

Multi-criteria decision support
A multi-criteria analysis was conducted according to 

the authors’ Multi-Criteria Determination of Recommended 
Variants (MCDRV) method, following the procedure described 
by Montusiewicz et. al. (2024). The criteria selected for the 
analysis were as follows: DOC/TOC ratio (1), the concentration 
of d-limonene (2) (increased as a result of waste degradation), 
the sCOD/COD ratio (3), and energy consumption (4). The 
first three criteria were maximized, whereas the last one was 
minimized. Despite the negative impact of d-limonene on 
AD, this criterion was maximized due to its correlation with 
the DOC/TOC ratio (R2 = 0.8767). Its increase is associated 
with the decomposition of complex cellular structures and, 
consequently, the release of readily biodegradable compounds; 
therefore, the more effective the decomposition, the higher 
the d-limonene content. The variables considered  in the four-
dimensional criteria space included the HC inlet pressure and 
the number of times the stream passed through the cavitation 
zone,  corresponding to the experimental time intervals. In 
the first step, the Pareto-optimal (non-dominated) variants 
were identified. Subsequently, of the weighted min-max 
analysis procedure was implemented based on the following 
assumptions: (1) all criteria were equally important and 
assigned identical weights, and (2) the criteria were assigned 
different weights according  to their technological or economic 
importance.

Results and discussion
The effect of HC on physicochemical parameters 

The results of the HC physicochemical analyses  and 
energy usage for the specified experimental variants are 
shown in Table 2. Due to the variable composition of OW 
and wastewater during the experiment, the characteristics of 
the untreated samples varied between the pressure conditions. 
However, in all analyzed cases, the application of HC resulted 
in effective destruction of complex organic matter, as indicated 
by reductions in  TOC, COD, and TS. More favorable results 
were obtained at a pressure of 3 bar. At this pressure, the 
TOC content decreased from 30.3 to 21.4%, with the highest  
removal observed after  the longest treatment time of 45 min; 
however, significant reductions were also achieved after  20 
and 30 min. A similar trend was observed  for TS and VS. 
The removal efficiencies of TS and VS ranged from 15.9 to 
24.9% and from 18.4 to 28.8%, respectively. As in the case of 
TOC, the greatest reductions were recorded after  the longest 
cavitation time. At a  pressure of 5 bar, a less pronounced  effect 
on TOC was observed. In this case, the TOC reduction ranged  
from 15.3 to 26.8%. The most notable  effect was observed 
for VS, for which  the highest removal efficiency of 32% was 
achieved after the longest treatment time. With regard to TS, 
only a slight effect of cavitation was observed. Analysis of  the 
effect of cavitation on the VS/TS ratio revealed only a minor 
decrease, which was comparable for both pressure conditions.

During HC, the decomposition of complex organic matter 
was accompanied by simultaneous solubilization. This effect 
was observed at both pressures of 3 and 5 bar; however, it was 

more pronounced at  the lower pressure of 3 bar. With regard to 
DOC, an increase of more than 1.5-fold was observed after only 
5 min of treatment. The greatest increase was achieved after 10 
and 20 min. Thereafter, a slight decrease in DOC concentration 
was noted. Importantly, the application of the higher pressure 
of 5 bar did not result in a greater release of DOC. In this case, 
the DOC concentration increased by 22.2-36.2%, with the 
highest increase observed after 20 min of treatment. Beyond 
this time, a slight decrease in DOC concentration was observed, 
which might indicate that the rate of  DOC oxidation exceeded 
its releasing. These findings suggest that, during  shorter 
treatment times, the physical (thermo-mechanical) effects of 
cavitation predominate, whereas prolonged treatment favors 
chemical transformations due to the increasing formation of 
hydroxyl radicals over time. This effect depended  on both the 
inlet pressure and treatment time and was more pronounced  at 
higher pressures. A similar  effect was observed for sCOD. At a 
pressure of 3 bar, increasing the treatment  time enhanced  the 
release of soluble organic compounds. The increase in sCOD 
ranged from  17 to 30.7%. Importantly, comparable values 
were recorded within the treatment time interval of 10-45 min. 
Extending the treatment  time did not result in a significant 
increase in sCOD, probably due to the oxidation of the soluble 
organic fraction. At a pressure of 5 bar, the effect was less 
pronounced, and only a slight increase in the sCOD value was 
observed. 

Changes were also observed in the biodegradability index 
expressed as the DOC/TOC ratio. As previously mentioned, 
more favorable results were obtained at the lower pressure of 3 
bar. Under these conditions, the DOC/TOC ratio doubled after 
only 5 min of treatment, with the highest value recorded after  
20 min. Beyond this treatment time, a slight decrease in the 
DOC/TOC ratio was observed. A less pronounced effect on  the 
biodegradability index was found at  the higher pressure of 5 
bar. Under these conditions, the DOC/TOC ratio increased by 
55.2-68.8%, with the highest increase observed after 20 min of 
treatment. A similar trend was observed for  the sCOD/COD 
ratio. At a pressure of 3 bar, this ratio doubled after only 10 
min of treatment. At the higher pressure, the same effect was 
observed after 20 min of treatment. The observed destruction 
of complex and recalcitrant compounds, together with the 
accompanying solubilization, is  particularly important because 
microorganisms involved in the AD process metabolize readily 
biodegradable substances more rapidly. Consequently, HC 
pretreatment may shorten  the retention time and increase 
methane production, thereby reducing  treatment costs 
and  enabling an energy surplus (Yeneneh et al. 2024). The 
degradation of lignocellulosic biomass during HC occurs as a 
result of physical and chemical transformations taking place 
within the hotspot formed after the collapse of microbubbles, 
leading to a sudden local increase in temperature and pressure 
(Bimestre et al. 2022). 

HC involves the generation, growth, and implosion of 
cavities resulting from  spatial pressure variations within 
the liquid. Physical and chemical transformations occur in 
the hotspot region following the collapse of microbubbles, 
leading to intense localized temperatures and pressures. The 
physical effects include the action of shock waves, microjet 
streaming, and elevated temperatures, whereas  the chemical 
effects involve the generation of free radicals  (Das et al. 

Hydrodynamic cavitation as a pretreatment to enhance organic matter solubilization in orange...
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2021). However, several factors may affect the effectiveness 
of HC, including  cavitation intensity, inlet pressure, substrate 
composition, treatment duration, and the design of the HC 
reactor. Generally, higher cavitation intensity and longer 
treatment duration are associated with greater treatment 
efficiency because  more violent reactions and an increased 
number of passes through the cavitation zone(Sun et al. 2022).

In the present study, the most favorable results were 
obtained at the lower pressure of 3 bar and treatment times of 
up to 20 min. It was hypothesized that an excessive increase 
in the inlet pressure may lead to the onset of supercavitation 
or the formation of dense cavitation clouds. Under such 
conditions, interactions between bubbles may result in a 
cushioning effect, in which the collapse intensity of individual 
cavities is reduced, thereby diminishing the overall mechanical 
and chemical efficiency of the process (Brennen, 2014). This 
mechanism could explain the lower degree of solubilization 
observed at 5 bar compared to 3 bar, despite the higher energy 
input.

Another important aspect that should be investigated 
when evaluating a  particular pre-treatment strategy is the fate 
of inhibitory compounds. In this study, the concentrations of 
d-limonene, phenols, ammonia nitrogen, and volatile fatty acids 
(VFA) were analyzed, as all of these compounds may potentially 
inhibit AD. With regard to d-limonene, the application of HC 
promoted  its release, with the greatest increase observed at 
a  pressure of 3 bar. Under these conditions, an almost 9-fold 
increase in the d-limonene concentration was achieved  after 
only 5 min of treatment intervals, although at a lower rate. 
Beyond 20 min,  a slight decrease in d-limonene concentration  
was observed. At a pressure of 5 bar, a less pronounced release 
occurred, with the highest concentration recorded after 5 min of 
treatment. During the subsequent treatment intervals, a slight 
decrease in d-limonene concentration occurred; however, the 
values remained  higher than those of the raw sample. 

A similar effect was observed for phenols. At both 
pressures, a release of this component was noticed, with the 
greatest increase observed for the lower pressure of 3 bar. 
Under these conditions, from 20 min onwards, the phenol 
concentration in the pre-treated mixture was more than double 
that of the untreated sample. At the higher pressure of 5 bar, the 
phenol concentration increased by  49-70.6%, with the highest 
values observed after  30 and 45 min of treatment. Another 
adverse effect of HC was the release of VFA. As previously, 
greater VFA release was observed at a lower pressure of 3 
bar. The smallest increase (24.8%) was recorded after 30 min 
of treatment, whereas moderate increases of approximately 
33% were observed after 10 and 20 min, respectively. At 
a pressure of 5 bar, the lowest VFA release was observed 
after  10 and 30 min, and the increase did not exceed  30%. 
HC is a well-established method for the extraction of various 
natural compounds, such as pectin, polyphenols, and terpenes 
(Meneguzzo et al. 2019). This effect is associated with 
enhanced diffusion and mass transfer, which facilitate  efficient 
solvent penetration into cells. The performance of HC depends 
on several  operational variables, including solution pH and 
temperature, inlet pressure, HC reactor type and its geometry, 
as well as the concentration of pollutants (Panda et al. 2020). 
In contrast, at a pressure of 3 bar, a slight decrease of TAN 
was  initially observed, whereas extending the treatment time 

did not result in any further decrease in its concentration. A 
different trend was observed at the pressure of 5 bar, where  
TAN concentration was observed during the treatment period 
from 5 to 20 min, after which the concentration decreased. 
Nevertheless, TAN concentrations remained higher than those 
measured in the  untreated sample.

Differences in the release of individual inhibitors 
resulted from the different operating parameters of HC. This 
finding also demonstrates that HC requires time-consuming 
optimization studies conducted individually for each substrate. 
Due to the complexity of the transformations occurring during 
cavitation, a thorough analysis of the potential formation of  
toxic by-products should be carried out, particularly when 
treating complex  mixtures. In many cases, establishing the 
optimal operating conditions of HC presents a technological 
challenge, highlighting the need to modify the proposed 
technology. When volatile toxic compounds  are generated, it 
may be necessary to remove them by  stripping with an inert 
gas before introducing the pre-treated biomass as a substrate 
for AD. Such a procedure was also applied in the present study 
for the removal of d-limonene.

Physicochemical properties of the medium also changed as 
a result of HC (Fig. 2). The results show that,  regardless of the 
applied pressure, HC causes an increase in both pH (Fig. 2a) 
and electrical conductivity (Fig. 2b). These changes indicate 
that ionic alkaline substances were released during HC. The 
increase in  pH may be attributed to the disruption of  cell walls, 
which releases compounds contained within the plant tissues. 
Mineral salts (e.g., potassium, calcium, and magnesium) are 
released into the solution, often in the form of citrates, which 
may exhibit  slightly alkaline properties (Chegukrishnamurthi 
et al. 2025). Nitrogen-containing compounds, such as amino 
acids, amines, and small amounts of ammonia, may also be 
released. These compounds can generate  OH⁻ ions in aqueous 
solution, thereby increasing the pH(Balasundaram and 
Harrison 2006). Additionally, some organic acids present in the 
orange peel, such as citric acid, may undergo decomposition 
or oxidation during HC, thereby reducing the acidity of the 
solution (Chegukrishnamurthi et al. 2025).

Interestingly, at a pressure of 5 bar, the treated samples 
exhibited lower pH values compared to those  cavitated at 3 
bar, while their electrical conductivity was higher. This may 
indicate the release of both alkaline and acidic compounds 
under these operating conditions  (Arya et al. 2023). Another 
observation was that the zeta potential became increasingly 
negative with increasing  cavitation time (Fig. 2c). This 
behavior may also be attributed  to the release of alkaline 
substances during HC (Chegukrishnamurthi et al. 2025). In 
addition, HC disrupts the cellular structures of the orange 
peels, promoting the release of anionic compounds into the 
solution. The principal compounds released include  pectins, 
organic acids (e.g., citric or malic acid), and other compounds 
containing carboxyl groups. In water, these functional groups 
can dissociate into -COO- forms, increasing the density of 
negatively charged groups on the surfaces of colloidal particles 
(Yapias et al. 2025). Furthermore, fragments of cell walls and 
polysaccharides form fine colloidal particles whose surfaces 
are rich in negatively charged functional groups. As a result, 
the negative surface charge density increases, causing the zeta 
potential to shift toward  more negative values (John et al. 2022).
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Fig 2. Influence of HC on physiochemical properties: (a) pH; (b) conductivity and (c) zeta potential of the studied samples.
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Figure 3 shows the effect of HC on the particle size 
distribution of the studied samples. As can be seen from the 
results, extending the HC treatment time reduced  the size of 
the particles present in the system, which is consistent with 
previous literature reports (Bałdyga et al. 2009). During HC, 
intense localized mechanical phenomena, including liquid 
microjets, shock waves, and high shear stresses, are generated 
within the system (Azadi and Nobes 2022). These forces 
disrupt particle aggregates and fragment larger particles into 
smaller ones. Furthermore, turbulence and intense mixing 
inhibit particle recombination, resulting in a decrease in the 
average particle size. A similar effect was observed at both 
applied pressures, although the higher pressure appeared to 
be slightly more effective in reducing the diameter of solid 
particles. The observed structural fragmentation was further 
confirmed by the changes in the DOC/TOC and sCOD/COD 
ratios, as well as by the FT-IR/ATR results.

Figure 4 shows the effect of HC on the surface tension of the 
studied samples. As the results indicate, increasing cavitation 
time promoted the release of surface-active compounds capable 
of reducing the surface tension. Consequently, the longer 
the treatment duration, the greater the concentration of these 
compounds in the system and the lower the surface tension.

Citrus peels contain essential oils (e.g., d-limonene), 
phospholipids, proteins, pectin fragments, and other 
polysaccharides. Many of these compounds are amphiphilic, 
meaning that they possess both hydrophilic and hydrophobic 
moieties (Braddock 1999). Consequently, they accumulate at 
the air-water interface, where they reduce the intermolecular 
forces between water molecules, thereby lowering  the surface 
tension of the solution. Furthermore, cavitation causes particle 
fragmentation and better dispersion of the released compounds, 
increasing their availability at the surface and further enhancing 
the reduction in surface tension (Zhang et al. 2024). Regarding 
the effect of pressure, the results suggest  that higher pressures 
are slightly more effective than lower pressures in promoting 
the release of these compounds .

FT-IR/ATR spectral analysis
The FTIR spectra of freeze-dried samples before and after 

HC are shown in Figures 5 and 6. The FT-IR spectra of the 
raw mixture (0 min, Figs. 5 and 6) exhibited characteristic 
absorption bands of a complex lignocellulosic and lipid-rich 
matrix. In the high-wavenumber region, a broad absorption 
at 3273 cm-1 is attributed to the hydrogen-bonded hydroxyl 
(O-H) groups in cellulose and lignin (Socrates 2004). Intense 

Fig 3. Influence of HC on the particle size of the studied samples.

Fig 4. Influence of HC on the surface tension of the studied samples.
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peaks at 2920 and 2852 cm-1 correspond to the asymmetric 
and symmetric stretching of aliphatic C-H groups, which are 
markers for both polysaccharides and terpenoid structures, 
specifically d-limonene. In the fingerprint region, the band at 
1734 cm-1 is assigned to C=O stretching in the acetyl groups 
of hemicellulose or lignin carboxyls (Méndez-Durazno et al. 
2025). Aromatic skeletal vibrations and C=C/C=O vibrations 
from lignin were identified at 1642, 1604, and 1521 cm-1, while 
the band at 1547 cm-1 is associated with the amide II vibrations 
of proteins. Furthermore, the range of 1239-1010 cm-1 reflects 
C-O stretching and glycosidic linkages in cellulose and 
hemicellulose (Szaja et al., 2025). Specific peaks confirming 
the presence of inhibitors included the terminal methylene 
group of d-limonene at 892 cm-1 and phenolic compounds 
(O-H deformation and C-O stretching) at 1360 and 1239 cm-1 
(Szaja et al. 2022).

Following 5 min of HC at 3 bar (Fig. 5), the spectra 
showed a decrease in the intensity of the peaks at 2920, 2852, 
and 1734 cm-1. Concurrently, there was a significant decrease 
in the intensity of the lignin-associated bands (1642, 1604, 
1547, and 1521 cm-1) and the disappearance of bands at 1360, 
1301, and 1276 cm-1. The band at 892 cm-1 also decreased, 
indicating a major loss of d-limonene from the solid phase. 
Interestingly, a new peak emerged at 865 cm-1, which may 
indicate the formation of oxidation intermediates, such as 
peroxy acids or organic peroxides (O−O stretching vibrations 

typically found in this region) (Socrates 2004). This emergence 
could be associated with advanced oxidation processes (AOPs) 
driven by the postulated generation of hydroxyl radicals (⋅OH) 
during the collapse of cavitation bubbles (Thanekar and 
Gogate 2018; Ozonek 2012) Beyond 10 min of HC treatment, 
the fingerprint region remained largely unchanged, suggesting 
that the maximum degree of structural matrix fragmentation 
was achieved in the early stages of the process. 

The FT-IR spectra of the sample treated at 5 bar (Fig. 6) 
exhibited  markedly different behavior from that observed 
at lower pressures, characterized by the relative structural 
stability of the insoluble matrix despite the high energy input. 
Unlike the 3 bar treatment, the characteristic bands in the 
1239-1010 cm-1 range and the specific d-limonene marker at 
892 cm-1 remained practically unchanged in both position and 
intensity throughout the 5-45 minute treatment period.

A significant phenomenon was observed in the carbonyl 
region, where the peak at 1734 cm-1 (ester linkages) exhibited 
less attenuation than at 3 bar and instead shifted and sharpened 
toward 1746 cm-1. This shift is indicative of a change in the 
microenvironment of the C=O groups, likely reflecting a 
transition to a non-hydrogen-bonded state or a change in the 
coplanarity of these groups within the solid matrix without their 
physical cleavage from the lignocellulosic skeleton (Gregoriou 
and Braiman 2006). Furthermore, the aliphatic C-H stretching 
bands at 2920 and 2852 cm-1 showed a transient increase in 

Fig 5. FT-IR/ATR spectra of the raw sample (0 min.) and sample cavitated at a pressure of 3.
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intensity in the 5-minute sample before stabilizing. This 
apparent increase in the solid-phase spectrum suggests  rapid 
surface erosion of the particles, which probably increases the 
specific surface area and exposes previously shielded aliphatic 
groups to the IR beam rather than reflecting a true increase 
in concentration. The most prominent spectral change over 
time was the growth of a band at ~865 cm-1, which reached 
its maximum intensity at 45 min. Since this peak is attributed 
to O-O stretching vibrations in peroxides and intermediate 
oxidation products, its growth suggests a possible advanced 
chemical oxidation occurring on the matrix surface. Although 
radical species were not measured directly, the increase in this 
band, coupled with the observed decline in soluble d-limonene 
at 5 bar, is consistent with the oxidative mechanisms described 
in the cavitation literature (Ozonek 2012). 

The analytical approach in this study targeted both the solid 
and liquid phases of the treated waste. FT-IR measurements 
were conducted on the freeze-dried matrix to evaluate its 
structural integrity, whereas physicochemical parameters 
were determined for the soluble fraction in order to quantify 
the release of organic matter and inhibitory compounds. 
Correlating these two phases reveals a highly efficient HC-
driven solubilization mechanism. The sharp reduction in FT-
IR peak intensities associated with d-limonene (2920, 2852, 
and 892 cm-1) and phenolic compounds (1360 and 1239 cm-1) 
in the solid matrix subjected to HC cavitation at a pressure of 

3 bar (Fig. 5) directly corresponds to their rapid release into 
the liquid phase. Physicochemical data confirm this stripping 
effect: within the first 5 min of treatment at 3 bar, the soluble 
d-limonene concentration  increased from 17.1 to 148.5 µg/ml, 
while the phenol concentration increased from 15.87 to 27.20 
mg/L (Table 2). These results indicate that HC effectively 
disrupts the organic skeleton, liberating the inhibitors previously 
entrapped within the lignocellulosic structure. The efficiency 
of this redistribution is further supported by the increase 
in the sCOD/COD ratio  from 0.376 to 0.656 in only 5 min, 
providing chemical evidence of  the structural fragmentation 
(e.g., breakdown of ester and glycosidic linkages) observed in 
the FT-IR spectra. The concurrent increase in  the DOC/TOC 
ratio further corroborates  this interpretation.

The analytical approach adopted in this study targeted 
both the solid and liquid phases of the treated waste. FT-IR 
measurements were conducted on the freeze-dried matrix 
to evaluate its structural integrity, while physicochemical 
parameters were determined in the soluble fraction to quantify 
the release of organic matter and inhibitory compounds.

The relatively unchanged  FT-IR fingerprint of the solid 
matrix at 5 bar, together with the physicochemical data, 
indicates a mechanism dominated by chemical oxidation 
(AOP) rather than physical solubilization. This is supported 
by the sCOD/COD ratio, which reached only 0.595 after 
45 min at 5 bar, significantly lower than the value of 0.853 

Fig 6. FT-IR/ATR spectra of the raw sample (0 min.) and sample cavitated at a pressure of 5 bar (5-45 min.).
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achieved at 3 bar (Table 2). This resistance to disintegration at 
higher pressure is likely attributable to the cushioning effect, 
whereby an excessive density of cavitation bubbles (super-
cavitation) reduces the intensity of individual bubble collapses, 
thereby reducing the mechanical shear forces required for 
matrix fragmentation (Brennen, 2014). However, the 5 bar 
treatment showed a unique capacity for the extensive chemical 
degradation of inhibitors. Although the soluble d-limonene 
concentration increased sharply during the first 5 min (112.9 
µg/ml), it subsequently declined to 78.4 µg/ml after 45 min. 
This decrease in the liquid phase coincided with the rising 
intensity of the 865 cm-1 (O-O bond) oxidation band in the 
FT-IR spectra. These observations suggest  that the inhibitors 
released into the solution are further oxidized by hydroxyl 
radicals (·OH), leading to the formation of  oxidation products 
that were subsequently re-deposited on the matrix. 

Comparison of the two pressure regimes demonstrates 
that 3 bar is the optimal operating pressure for enhancing the 
biodegradability of OW. At 3 bar and short treatment times, 
HC acts as a liquefying pressure, maximizing solubilization, 
as reflected by the DOC/TOC and sCOD/COD ratios, and 
efficiently releasing inhibitors from the matrix within 10 min 
(Szaja et al. 2025). In contrast, treatment at 5 bar is dominated 
by  oxidative process. Although this pressure promotes  
the secondary chemical degradation of inhibitors such as 
d-limonene, it is less effective  for matrix disintegration due 
to the cushioning effect and potential super-cavitation that 
suppress the mechanical shear forces (Brennen 2014, Thanekar 
and Gogate 2018). Moreover, it requires substantially greater  
energy input (0.531 kWh vs. 0.369 kWh) while producing  
inferior solubilization. Overall, these findings indicate that 
HC treatment at 3 bar provides the best compromise between 
enhanced organic matter availability and reduced energy 
demand.

Multi-criteria decision support
HC generated a dataset, making it  difficult to identify 

the most advantageous operating conditions because 
numerous performance  indicators were  obtained for 
different combinations of process variables. Selecting the HC 
parameters that maximize biodegradability while minimizing 
energy consumption therefore required a multi-criteria 
decision analysis (MCDA). The analysis was performed for the 
12 experimental variants listed in Table 2. The Pareto-optimal 
set, consisting of 7 elements, included variants specified for 
a pressure of 3 bar, whereas the variants assigned to a higher 
pressure were excluded based on the multivariate dominance 
cone analysis. Assuming equal importance for all criteria (w= 
0.25 for each criterion), variant 6 (pressure of 3 bar, HC time 
of 45 min) was identified as the optimal solution according to 
the min-max criterion.

In practice, however, the evaluation criteria do not have 
equal importance, and their weights should reflect their relative 
significance. Because criterion 1 DOC/TOC ratio and criterion 
4 (energy consumption) were considered the most important, 
they were assigned higher weights than the remaining criteria. 
Four weighting scenarios were evaluated  (w1, w2, w3, w4, 
the sum of the weights is always equal to 1): (1) 0.5, 0.1, 0.1 
and 0.3; (2) 0.4, 0.1, 0.1 and 0.4; (3) 0.5, 0.1, 0.15 and 0.25, 
and (4) 0.5, 0.1, 0.2 and 0.2. Under all weighting scenarios, the 

first stage of the analysis identified variant 4 (3 bar, 20 min) 
as the optimal  solution. Notably, this variant also achieved 
the highest DOC/TOC ratio. In the second stage, the optimal 
subset consisted of variants 5 and 3, corresponding ot==to HC 
treatment at  3 bar for 10 and 30 min, respectively.

Conclusions 
The results of this study indicate that HC can be applied as 

an effective pre-treatment strategy to enhance the solubilization 
of organic matter in orange waste. Multi-criteria analysis 
showed that HC treatment at a pressure of 3 bar for 20 min can 
be considered as the optimal operating condition, providing 
the best balance between enhanced biodegradability and low 
energy consumption. This selection was further supported by 
the physicochemical characterization and FT-IR/ATR spectral 
analyses. Under these operating conditions, the DOC/TOC 
ratio increased by a factor of 2.45 compared to the untreated 
waste, while the corresponding  energy consumption reached 
0.164 kWh. In the second stage of the multi-criteria analysis, 
the optimal sub-set included HC treatment at 3 bar for 10 
and 30 min, respectively, which produced only slightly lower 
DOC/TOC ratios than the optimal variant. Importantly, all 
operating conditions resulted in  the release of both d-limonene 
and phenolic compounds, which may adversely affect the  
subsequent anaerobic digestion  (AD) process. Therefore, 
further research in this area should be carried out.
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Kawitacja hydrodynamiczna jako metoda poprawiająca rozpuszczalność materii 
organicznej w odpadach pomarańczowych przed procesem fermentacji metanowej

Streszczenie: W niniejszym badaniu oceniono skuteczność zastosowania kawitacji hydrodynamicznej (KH) jako metody 
wstępnej obróbki odpadów z pomarańczy. W przeprowadzonych badaniach zastosowano dwa ciśnienia 3 i 5 barów 
oraz następujące czasy 5, 10, 20, 30 i 45 min. Jako induktor kawitacji zastosowano płytę kryzową z jednym stożkowym 
otworem koncentrycznym (3/10 mm). Spośród wszystkich analizowanych przypadków wyniki analizy wielokryterialnej 
wykazały, że najkorzystniejszym wariantem pod względem poprawy solubilizacji materii organicznej i zużycia energii 
jest ciśnienie 3 barów i czas kawitacji 20 minut, w tym przypadku stosunek rozpuszczonego do całkowitego węgla 
organicznego (RWO/WO) wzrósł 2.45-krotnie, dodatkowo uzyskano dwukrotny wzrost sChZT/ChZT (rozpuszczonego 
do całkowitego chemicznego zapotrzebowania tlenu) przy zużyciu energii 0,164 kWh. Jako kolejne korzystne warianty 
analiza wielokryterialna wykazała ciśnienie 3 bar i czasy kawitacji wynoszące odpowiednio 10 i 30 min. Co ważne, we 
wszystkich przypadkach zaobserwowano uwalnianie zarówno d-limonenu, jak i fenoli, co potencjalnie może hamować 
późniejszą fermentację metanową tych odpadów.

Aleksandra Szaja, Agnieszka Montusiewicz,  Sylwia Pasieczna-Patkowska, Elżbieta Grządka,  Jerzy Montusiewicz...
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Abstract:  Nowadays, environmental pollution is a common problem influenced by, among other factors, the 
increased accumulation of waste of different types and with different impacts on the environment. Streets sweeping, 
especially in urban areas, collects dust of various origins, compositions, and properties. Dust accumulation on 
streets and sidewalks may cause a significant deterioration of the natural environment, influencing not only water, 
soil and air, but also human life and health. In the literature, there are many studies describing the impact of street 
waste on the natural environment, e.g., on greenery and roadside trees, secondary emissions causing high human 
exposure, rainwater pollution, and consequently, surface water pollution. Street cleaning is one of the elements 
of urban area management within the broader concept of “smart city” management. The aim of this study was to 
investigate waste from the city streets (sweeping residues) using SEM-EDS microscopic examination. Waste was 
collected from the streets and sidewalks of a large city. Based on the results, it is possible to evaluate the quality 
of the urban space.
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Introduction
Street sweepings, i.e., road-deposited sediments, are 

municipal waste systematically removed by sweeper vehicles 
in order to prevent them from reaching the aquatic environment 
and to reduce the harmful effects of dust on human health 
(Lloyd et al. 2018, Yang et al. 2016, Operacz et al. 2023). The 
primary European Waste Catalogue (EWC) code for street 
sweepings is  20 03 03  (street-cleaning residues). Sweeper 
vehicles belonging to the Municipal Cleaning Company 
(MPO) in Cracow, Poland, operate with a closed-circuit 
water spray system and are certified according to the EUnited 
PM10 standard. The study by Kryłów and Generowicz (2019) 
confirmed that the current technology of streets cleaning and 
washing contributes to the reduction of suspended dust in the 
air with a particle size below 10 µm. Dry matter, mineral and 
organic substances and heavy metals have been determined 
in street sweepings (Generowicz et al. 2023, Gronba-Chyła 
et al, 2025, Gronba-Chyła et al, 2021). In the literature (Bi et 
al. 2013, Adamiec et al. 2016, Fang et al. 2017), attention has 
been paid to the grain size classification of street dust. Particle 
size is an important parameter influencing the accumulation 
of heavy metals on roads (Hengren et al. 2006). Heavy metal 
concentrations in street dust increase significantly as particle 
size decreases (Li et al. 2010). The largest mass of pollutants 
was associated with particles in the size range of 100–250 
µm (Lau and Stenstrom 2005). Samples are collected using a 
modified vacuum cleaner, and the dust passes through filters 
and sieves. In the study by Adamiec et al. (2016), it was found 

that individual particles are, on average, no larger than 65 µm; 
however, they actually form agglomerates with  diameters of 
1000–2000 µm. In the study by Gunawardana et al. (2014), 
X-ray diffraction analysis revealed that road dust consisted 
mainly of silicates and aluminosilicates, including  quartz 
(SiO2), constituting more than 70% of the volume, albite 
(NaAlSi3O8), microcline (KAlSi3O8), chlorite (H8 Mg6O18Si4), 
and muscovite (H2KAl3(SiO4)3). The authors stated that the 
differences in the  physical and chemical properties of particles 
in the size ranges <75 µm and 75–150 µm result from different 
proportions of minerals and organic matter, whereas for larger 
particles (150–300 µm and 300–425 µm), the adsorption 
properties of pollutants are similar due to significantly high 
quartz content.

The determination of the level of contamination of street 
sweepings with heavy metals such as Zn, Cd, Cu, Pb, Ni and 
Cr is important  (Li et al. 2010, Isa et al. 2008), as some of 
these metals are considered toxic, while others, e.g., Fe, Ca, Ba 
and Mn, are mainly associated with the Earth’s crust. Typically, 
metal concentrations are determined by atomic absorption 
spectrometry (Rashed 2008, Skorbiłowicz and Skorbiłowicz, 
2019), although other methods, such as inductively coupled 
plasma-optical emission spectrometry, have also been used 
(Isa et al. 2008, Fang et al. 2017). Common pollutants in 
streets dust include Pb, Mn, and Fe (Rashed 2008). In the 
study by Lau and Stenstrom (2005), the metal content of  
street sweepings was determined. The particle-size fraction 
of of 125–250 µm was the richest in metals. Furthermore, 
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the authors stated that street-sweeping technologies available 
in the 1970s were not able to remove particles containing the 
highest metal loads. Generowicz et al. (2020) found that  60% 
of the road dust consisted of minerals of a terrestrial origin, of 
which 40–50 % was quartz, 10–20 % was clay, and the organic 
fraction accounted for 2% of the volume. Recently, scanning 
electron microscopy coupled with energy-dispersive X-ray 
spectroscopy (SEM-EDS) has been applied to the analysis 
of  trace elements in atmospheric particles separated by size 
on glass fiber filters (Sevimoglu and Kuzu 2025, Kwaśnicki 
et al, 2024).  Yang et al. (2016) also reported that, prior to 
microstructural analysis,  street sweepings were divided into 
aerosolized and bulk dust fractions. 

The aim of this study was to identify and describe the 
microscopic characteristics of street cleaning residues, with 
particular emphasis on developing an analytical approach 
that does not require prior separation of the entire sample 
into particle-size classes before SEM analysis. This objective 
is important because street cleaning residues are highly 
heterogeneous materials composed of particles of different 
origins, sizes, morphologies, and chemical compositions. 
Conventional size-fractionation procedures may be time-
consuming and can potentially disturb the original structure of 
the collected material, thereby limiting the ability to assess the 
sample as it actually occurs in urban environments. 

Therefore, this study focused on detecting and precisely 
documenting whether individual particle-size fractions 
exhibit significant differences in elemental composition, as 
well as identifying clear compositional trends based on the 
examination of a statistically large number of particles. Such 
an approach makes it possible to obtain a more representative 
and comprehensive characterization of street cleaning residues, 
including particles that may be of environmental or health 
significance because of  their chemical composition or small 
size. 

The justification for this research lies in the need to 
better understand the actual composition of material removed 
from urban streets by mechanical cleaning systems. By 
characterizing the microscopic and elemental properties of the 
collected residues, this study provides a basis for assessing 
the actual efficiency of street sweepers in capturing different 
types of particulate matter. The results may also support the 
optimization of street-cleaning strategies and contribute to a 
more accurate evaluation of their role in reducing urban dust 
pollution.

Research papers available in the literature present both 
potential technical solutions for street-cleaning systems  
and analyses of their environmental effects, ranging from 
technological descriptions of the equipment and its capabilities, 
through descriptions of complete cleaning and sweeping 

systems, to analyses of the changes occurring in the human 
environment as a result of streets cleaning.  Many scientific 
publications characterize and analyze the composition of waste 
collected from streets (Järlskog et al. 2020, Lloyed et al. 2018, 
Kladnik et al. 2024, Gronba-Chyła, 2026, Kochanek et al. 
2025).

Investigations conducted in Cracow have so far aimed 
to demonstrate the positive changes in environmental quality  
resulting from streets cleaning, including improvements in  
resident’s quality of life and the  aesthetics of the urban area. 
The results clearly demonstrate environmental improvements, 
including waste reduction, enhanced quality of urban 
infrastructure (sidewalks and streets), reduced amounts of 
pollutants transported by stormwater, and improved air quality 
throughout the  studied city areas. Studies of streets-cleaning 
residues (Gronba-Chyła et al. 2022, Generowicz et al. 2020) 
indicate the presence of heavy metals. Their removal from 
urban areas and the identification of appropriate  disposal 
options constitute a difficult and challenging interdisciplinary 
task. This article also aims to confirm previous research 
findings regarding the quality of street-cleaning residues and 
the environmental  changes occurring in urban areas as a result 
of  street cleaning.

Materials and methods
The material for this study consisted of street waste 

collected in March and April 2025 in the city of Cracow by the 
Municipal Cleaning Company (MPO) using sweeper vehicles 
on three streets (a total of four samples) (Table 1). The streets 
were first swept, after which samples of solid waste were 
collected from the sweepers (designated as street sweepings 
and sidewalk sweepings ). The streets were subsequently 
washed, and samples of wastewater were collected from the 
sweepers (designated as sweeper wastewater). 

Krasińskiego Street is located in the center of Cracow, 
whereas Stella-Sawickiego Street is situated in the eastern 
part of the city. Both streets serve as main thoroughfares. 
They consist of two carriageways, each with three traffic 
lanes separated by a green median strip, and are characterized 
by  high-traffic volumes. Kujawska Street is located to the 
west of Cracow city center. It is a local street with moderate 
traffic, primarily serving as access to nearby buildings, and 
consists of a single carriageway and two lanes. The samples 
day from Krasińskiego Street were collected on 24 March 
2025. The weather was cloudy, with no precipitation, and the 
maximum air temperature reached 14°C. The samples from 
Stella-Sawickiego Street and Kujawska Street were collected 
on  25 April 2025. On that day, the weather was  cloudy with 
light rainfall, and the maximum air temperature reached 
14°C.

No. Sample Street Date of collection Sample type/form
1 Kr24z

Krasińskiego 24 March 2025
Sweepings from street 

2 Kr24s Sewage from sweeper
3 SS Stella-Sawickiego

25 April 2025
Sweepings from sidewalk

4 Ku Kujawska Sweepings from street

Table 1: Collected and tested samples of the street waste.
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Small wet samples of the collected waste were placed in 
plastic bags and subsequently dried under ambient laboratory 
conditions. The dried waste particles were placed on stubs 
and then photographed and analyzed for their size, shape, and 
composition. Optical microscopy was used for the preliminary 
assessment of larger particles (Figure 1) using a Zeiss Stemi 
508 stereoscopic microscope . SEM-EDS examination 
was performed using a Hitachi S-3400N scanning electron 
microscope at magnifications of x50, x100, x500, x700, x1000, 
x2000, and x5000.  Microscopic images of waste particles 
were acquired under  a vacuum of 25–30 Pa at an electron-
beam accelerating voltage of 15 kV using a backscattered 
electron detector (BSE). Spectrometric analysis was performed 
on eighteen randomly selected individual particles with grain 
sizes above 10 µm, as well as on ten micro-areas measuring 
20×20 µm2 containing fine dust, using an EDS system from 
Thermo Scientific.

Several limitations of this study should be acknowledged. 
First, the research was based on a relatively small number 
of samples. The material was collected from three streets in 
Cracow, with a total of four samples obtained during two 
sampling campaigns conducted in March and April 2025. 
Although the selected streets represent different traffic 
conditions and urban settings, the limited number of sampling 
locations and collection dates restricts the generalizability of 
the results to the entire city or to other seasons. Street cleaning 
residues may vary considerably depending on traffic intensity, 

meteorological conditions, road surface characteristics, 
surrounding land use, and the time elapsed since the last 
street cleaning or rainfall event. Therefore, the results 
should be interpreted as an initial microscopic and elemental 
characterization of selected street cleaning residues rather than 
as a comprehensive and representative assessment of all urban 
street waste in Cracow. 

Another limitation is related to the SEM-EDS analytical 
method. SEM-EDS is a valuable technique for identifying 
particle morphology and determining the elemental composition 
of individual particles or selected micro-areas. However, it 
provides primarily semi-quantitative elemental data and does 
not allow the direct identification of mineralogical phases or 
chemical compounds. The accuracy of EDS analysis may also 
be affected by particle geometry, surface roughness, sample 
heterogeneity, matrix effects, and the small analyzed area. 
Moreover, light elements may be detected with lower accuracy, 
whereas elements present at very low concentrations may 
remain below the detection limit of the method.

In this study, EDS measurements were performed on 
randomly selected particles larger than 10 µm and on selected 
micro-areas containing fine dust. As a result, the obtained data 
describe the composition of analyzed particles and micro-areas 
but may not fully represent the bulk chemical composition of 
the entire sample. The lack of prior separation of the whole 
material into particle-size classes allowed the residues to 
be analyzed in a form closer to their actual collected state; 

Fig 1. Optical microscope images of the granular microstructure of street sweepings residues in nominal magnification of x30:  
a) sample Kr24z – quartz, b) sample Kr24s – dust, c) sample SS – quartz and dust, d) sample Ku – quartz and soot.

Research on the properties of waste from streets cleaning
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however, it also limited the possibility of directly comparing the 
chemical composition of strictly defined particle-size fractions. 
Consequently, the findings should be regarded as indicative of 
compositional trends and particle-level variability rather than 
as a comprehensive quantitative geochemical characterization 
of street cleaning residues. The presented study is  preliminary, 
and future research  should include a larger number of samples 
collected different seasons and complement SEM-EDS with 
additional analytical techniques, such as  XRD analysis, ICP-
OES/ICP-MS, and  sieve analysis. 

Results and discussion
The research aimed to characterize the particle size and 

chemical composition of waste collected from urban streets 
and, subsequently, to indicate its potential negative impact on 
the environment and the associated consequences for human 
life and health. The results were presented accordingly.

Drying the waste samples under ambient laboratory  
conditions produced samples of good quality in terms of their 
final moisture content and granulation. Figures 1a and 1b 
clearly shows that the street-spraying technology enables the 
street sweeper to separate quartz particles and dust particles 
in situ, while the sweeper is collecting street sweepings. 

No. Sample Coarse-grained 
fraction (mm) Fine-grained fraction (mm) Compact dust 

particles (µm)
Loose dust 

particles (µm)
1 Kr24z 0.8; 0.6; 0.3 < 0.2 (sand) < 50 < 10
2 Kr24s – – < 50 < 10
3 SS 1.0; 0.7; 0.4 < 0.2 < 50 < 10
4 Ku < 0.8 < 0.2 (coal) Inclusions in coal < 10

Fig 2. BSE waste microstructure images: a) sample SS at nominal magnification of x700, b) sample  
Ku at nominal magnification of x500 indicating fine-grained irregular-shape particles into dust background.

Fig 3. BSE waste microstructure images: a) sample Kr24z, b) sample Kr24s at nominal magnification of x1000 indicating  
clumped particles into loose dust. 

Table 2: Grain-size estimation in sweepings samples using optical and electron microscopes.
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The following characteristics of the collected samples were 
observed: the street sweepings sample Kr24z was composed 
mainly of quartz with different particle sizes (max. grain size 
of 0.8 mm), whereas sample Kr24s contained only the fine dust 
fraction (max. particle size of 50 µm). The particulate matter 
was classified into four particle-size fractions (Table 2) by 
measuring particles in BSE images acquired at seven different 
magnifications ranging from x50 to x5000. 

Based on the examination of the microstructure of the 
street waste, BSE images of the sweepings were obtained at 
magnifications that allowed their visual classification into 
particle- size classes (Figures 2–4). The corresponding energy-
dispersive X-ray (EDS) spectra (Figure 5) were then used to 
determine the elemental composition of selected micro-areas 
within the samples (Table 3–6). 

According to Table 2, the coarse-grained fraction included 
all particles in the range of 0.2–1.0 mm. Particles with sizes 
ranging from 50 to 200 µm were classified as  the fine-grained 
fraction (Figure 2). Compact dust consists of  particles in the size 
range of 10–50 µm (Figure 3), whereas  particles smaller than 
10 µm were classified as loose dust (Figure 4). Morphologically, 
the dust particles are non-spherical. The ultrafine particles have 

dimensions of approximately 0.5 µm. Based on  this visual 
classification of particle-size fractions, elemental composition 
analysis was then performed on randomly selected individual 
particles (Tables 3–5) or on micro-areas composed of dust 
(Table 6). Tables 3-6 present representative examples of EDS 
measurements (selected analyses for individual samples), 
whereas representative EDS spectra are shown in Figure 5. 
Based on simulations, it was assumed that the X-ray interaction 
depth for EDS is approximately 5 µm (Wassilkowska at al. 
2014). Therefore particles smaller than 5 µm are too small for 
reliable point analysis and should instead be analyzed as part 
of  aggregated dust micro-areas .

Regardless of the form of the analyzed samples, where 
sample Kr24z constituted of street sweepings and sample 
Kr24s consisted of wastewater from the sweeper, the dust 
fraction appeared similar in all cases. It contained fine 
agglomerates measuring 10–50 µm and particles smaller than 
10 µm and was characterized by high porosity (Figure 3). In 
the study by Gunawardana et al. (2014), it was found that the 
fine particles smaller than 75 µm constitute  an amorphous 
fraction composed of a small proportion of clay minerals, such 
as illite, kaolinite, and chlorite, although these minerals also 

Test number 
in sample

Chemical element (weight %)
C O Na Mg Al Si P S K Ca Ti Mn Fe

Kr24z(3) 17.8 58.4 – – 0.2 23.3 – – – 0.4 – – –
Kr24z(15) 9.5 62.2 – – 0.6 26.6 – – – 1.2 – – –
SS(4) – 65.3 – – – 34.7 – – – – – – –
Ku(6) 27.3 57.1 – – 0.3 15.3 – – – – – – –

Test number 
in sample

Chemical element (weight %)
C O Na Mg Al Si P S K Ca Ti Mn Fe

Ku(7) 77.6 19.5 – 0.1 0.4 0.8 – 0.2 – 1.5 – – –
Ku(9) 86.8 12.7 – 0.0 0.1 0.3 – 0.0 – 0.2 – – –

Fig 4. BSE waste microstructure images: a) sample SS at nominal magnification of x5000, b) sample Ku at  
nominal magnification of x2000 indicating particles of sizes below 5 µm.

Table 4: EDS analysis of the elemental composition of selected particles with dark BSE contrast of sample Ku. 

Table 3: EDS analysis of the elemental composition of the coarse grains (above 200 µm).
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occur i crystalline form. An important parameter governing 
the  adsorption of pollutants by dust particles is their specific 
surface area, which, for particles smaller than 75 µm, is four 
times greater than that for particles larger than 300 µm.

The results of EDS measurements summarized in Tables 
3–6 confirm distinct differences in the composition of the 
identified particle-size fractions. Based on the presence of 
the elements such as Si, Al, Ca, and O, it can be concluded 
that large particles with  diameters of 0.2–1.0 mm represent a 
mineral fraction composed of quartz (Table 3). According to 
Gunawardana et al. (2014), quartz is the dominant component 
of street sweepings with particle sizes greater than 150 µm 
because of its low abrasiveness. Crystalline silica is a mineral 
that is present in sand, rocks and construction materials. 
Inhalation of airborne particles containing crystalline silica, 
particularly those with aerodynamic diameters in the PM10 
and PM2.5 size ranges, may pose a significant risk  to human 
health.

In sample Ku, consisting of street sweepings collected 
from Kujawska Street, soot particles with dust inclusions 

and diameters of 0.2 mm were identified. The sample was 
composed predominantly of  carbon (Table 4). Carbon in street 
dust originates from both organic carbon and elemental carbon 
(soot), with its main sources including vehicle exhaust, tire 
wear particles, biomass burning, and industrial emissions. Soot 
is a significant component of street dust and is associated with 
various health hazards, such as respiratory irritation.

Fine particles with sizes ranging from 50 to 200 µm were 
analyzed in samples Kr24z and SS, in which this particle-size 
fraction was more abundant than in samples Kr24s and Ku. 
In addition to oxygen and carbon, these samples contained 
elements including Al, Ca, Fe, K, Mg, Mn, and Si, whereas 
sample SS also contained Ti (Table 5). As shown in Table 5, 
these elements occur mainly in the form of calcium, iron, and 
silicon oxides, with occasional occurrences of Mn, S and P. 

Calcium is a naturally occurring element commonly found 
in building materials, such as  cement. Calcium-containing 
compounds, such as CaCO3, CaSO4, and CaO, are common 
constituents of dust (Yang et al. 2016). Calcium phosphate 
in the form of hydroxyapatite (Ca5(PO4)3(OH)) has been 

Test 
number 

in sample

Chemical element (weight %)

C O Na Mg Al Si P S K Ca Ti Mn Fe

Kr24z(1) 37.1 39.5 – 0.9 1.1 6.8 – – 0.3 5.6 – 1.1 7.6
Kr24z(2) 33.3 49.5 – 0.3 0.6 2.2 – – – 13.2 – – 0.8
Kr24z(4) 23.5 42.3 – 1.5 0.3 8.6 0.4 – – 10.7 – 4.5 8.1
Kr24z(5) 32.1 35.8 – 0.4 2.2 8.4 – 0.2 0.5 12.2 – 0.7 7.5
Kr24z(6) 37.6 49.4 – 0.1 0.4 5.7 – – – 6.7 – – 0.0
Kr24z(9) 35.8 47.9 – 0.3 1.1 2.6 – 0.1 0.2 11.4 – – 0.7

Kr24z(14) 19.9 37.6 – 0.8 2.3 9.0 0.6 – 0.2 17.6 – 1.3 10.8
Kr24z(16) 36.3 48.4 – 2.7 0.7 2.2 – – 0.1 8.9 – – 0.7

SS(2) 32.1 31.0 – 0.4 1.0 3.9 0.2 0.1 0.2 1.7 – 1.0 28.5
SS(7) 35.9 38.9 – 1.2 0.9 2.8 – 0.1 0.2 3.6 4.0 – 12.4
SS(9) 23.9 44.5 – 0.0 0.9 1.9 – – 0.1 0.3 7.5 – 21.1
SS(11) 25.0 35.7 – 0.3 0.8 3.3 – – – 0.7 – – 34.3

Table 5: EDS analysis of the elemental composition of grains with size fraction 50–200 µm.

Fig 5. Examples of EDS spectra: a) from a random fine particle with bright BSE contrast, b) from the dust area of 20×20 µm2.
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identified in aerosolized dust samples with particle sizes of 
30–90 nm and a spherical morphology (Yang et al. 2016). Iron 
is a common element present in the environment as a result of 
corrosion processes. Aluminum is one of the most abundant 
inorganic elements in the Earth’s crust, along with calcium, 
magnesium, potassium, and sodium. However, in the study 
by Skorbiłowicz and Skorbiłowicz (2019), aluminum was not 
identified as an component of street sweepings.

Manganese is a component of fine dust particles (50–200 
µm), which consist of a mixture of dirt, tire wear debris, 
and road surface material. Sulphur originates from vehicle 
exhaust emissions and the wear and tear of vehicle parts such 
as tires and brakes. Phosphorus is derived primarily from leaf 
litter and other organic pollutants. Potassium is a naturally 
occurring crustal element but may also originate from 
anthropogenic sources, such as construction activities or 
the decomposition of organic materials. Titanium dioxide is 
added to concrete and asphalt road surfaces as a photocatalyst 
to reduce air pollution (e.g., volatile organic compounds), 
when exposed to sunlight. 

Based on the SEM examination, it was concludes that the 
dust fraction consists of irregular particles with dimensions 
smaller than 50 µm. Since the dust occurred in both 
agglomerated and loose forms, morphologically homogeneous 
areas measuring 20×20 µm2 were selected for EDS analysis. 
These micro-areas contained clusters of  particles smaller 
than 10 µm, including ultrafine particles with dimensions 
of approximately  0.5 µm. The EDS results are summarized 
in Table 6. Similar elemental compositions (expressed as 
averaged weight percentages were found in all analyzed 
samples. The average contents were approximately: Si – 6.2%, 
Ca – 2.7%, Fe – 1.9%, Al – 1.7%, Mg – 0.5%, K – 0.5%, 
Na – 0.3%, S – 0.2%, C – 49.7%, O – 36.5%, and P – 0.1% 
(detected only in sample SS). The conducted study indicates 
that Na was detected  only in the dust fraction. Sodium-
containing compounds are  natural components of asphalt and 
engine oil. As these materials undergo mechanical wear, they 
break down into smaller particles that become mixed with 
street dust. By removing sodium-containing particles together 
with other pollutants, street sweepers prevent their transport 

into stormwater drainage systems and surface waters, thereby 
reducing environmental pollution.

Heavy metals associated with  road traffic, such as those 
originating from  tire wear, including Cu, Zn, Ni, and Pb, 
have often been detected in EDS studies (Gunawardana et al. 
2014, Generowicz et al. 2020). In the present EDS analysis 
(Figure 5), however, these elements were missing in either the 
fine-grained fraction or the dust fraction (Table 5–6), which 
may be related to the detection limit of 0.1 weight % for 
multicomponent, porous materials.

Street sweepings pose a threat to the natural environment, 
including water, soil, and human health, when their mineral fraction 
is contaminated with harmful substances. Based on the present 
analysis of street sweepings collected from three streets in Cracow, 
it was found that the key components, including Fe, Mn and Ca, 
occurred predominantly in particles larger than  50 µm, whereas the 
dust fraction also exhibited relatively higher  contents of S and Na. 

Conclusions
Street sweepings collected from the city streets were 

classified into particle-size fractions using the magnification 
scale on the BSE images obtained by scanning electron 
microscope. Dust particles with  sizes of approximately 50 µm 
exhibited irregular shapes and were embedded in a background 
matter composed of particles smaller than 10 µm. The dust 
fraction containing  particles smaller than 10 µm consisted 
of Si, Al, Fe, Ca, Na, Mg, S, and K. EDS measurements of 
selected micro-areas showed that particles in the size range of 
50–200 µm were characterized by higher contents of Si, Ca, 
and Fe and occasionally contained Mn, most likely in the form 
of oxides. The heavy metals identified in the analyzed samples 
included Fe and Mn, whereas the light metals included Al 
and Ti. The presented SEM-EDS analysis demonstrated that 
modern sweepers are capable of effectively removing dust 
fractions smaller than 10 µm from streets. These particles may 
act as  carriers of heavy metals and organic pollutants.
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Test 
number 

in sample

Chemical element (weight %)

C O Na Mg Al Si P S K Ca Ti Mn Fe

Kr24z(10) 44.3 39.6 0.2 0.5 2.3 7.6 – 0.1 0.5 2.7 – – 2.4
Kr24z(13) 35.6 43.5 0.1 0.5 2.5 10.3 – 0.2 1.0 3.6 – – 2.8
Kr24s(1) 64.3 28.6 0.2 0.3 0.9 2.6 – 0.2 0.2 1.4 – – 1.3
Kr24s(2) 43.6 37.7 0.5 0.7 2.1 7.2 – 0.2 0.9 4.3 – – 2.9
Kr25s(4) 40.0 41.7 0.5 0.8 2.1 7.6 – 0.3 0.8 3.6 – – 2.7
Kr25s(6) 41.0 40.7 0.5 1.0 2.7 7.3 – 0.3 0.8 3.5 – – 2.4

SS(3) 50.4 37.1 0.2 0.2 0.8 6.3 0.1 0.1 0.4 3.0 – – 1.4
SS(6) 64.7 31.1 0.1 0.2 0.4 2.3 0.1 0.1 0.2 0.6 – – 0.5
Ku(2) 66.0 29.3 0.1 0.2 0.5 2.2 – 0.1 0.2 1.0 – – 0.5

Ku(10) 46.8 35.3 0.9 0.4 2.8 8.4 – 0.3 0.3 3.0 – – 1.9

Table 6: EDS analysis of the elemental composition of the dust fraction.
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Badania właściwości odpadów pochodzących z czyszczenia ulic

Streszczenie. Celem niniejszego badania było zbadanie odpadów z ulic miasta (pozostałości po zamiataniu) z wykorzystaniem 
mikroskopii SEM-EDS. Odpady zebrano z ulic i chodników dużego miasta. Na podstawie uzyskanych wyników możliwa 
jest ocena jakości przestrzeni miejskiej. Materiał badawczy stanowiły odpady uliczne zebrane w marcu i kwietniu 2025 roku 
na terenie miasta Krakowa przez Miejskie Przedsiębiorstwo Oczyszczania Miasta z wykorzystaniem zamiatarek na trzech 
ulicach. Do wstępnej oceny większych cząstek wykorzystano mikroskopię optyczną z wykorzystaniem stereoskopowego 
mikroskopu optycznego Stemi 508 firmy Zeiss. Badania SEM-EDS wykonano przy użyciu skaningowego mikroskopu 
elektronowego Hitachi S-3400N przy powiększeniach x50, x100, x500, x700, x1000, x2000 i x5000. Rozkład wielkości 
cząstek poszczególnych grup frakcyjnych zawartych w zmiotkach ma kluczowe znaczenie dla opracowania koncepcji 
oczyszczania dla różnych klas wielkości cząstek. Na podstawie aktualnej analizy zmiotek z trzech ulic w Krakowie 
stwierdzono, że kluczowe składniki, takie jak Fe, Mn i Ca, występują najczęściej w cząstkach o wielkości powyżej  
50 µm, a pył charakteryzuje się również wyraźnymi pikami zawartości S i Na. Przedstawiona analiza SEM-EDS dowiodła, 
że ​​nowoczesne zamiatarki samochodowe są w stanie skutecznie usuwać z ulic pyły o wielkości poniżej 10 µm.
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