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Avelino Núñez-Delgado
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The editors of this Topic, entitled “Environmental and Health Issues and Solutions
for Anticoccidials and other Emerging Pollutants of Special Concern”, proposed it with
the knowledge that emerging pollutants continue to be of crucial importance. In addition,
at the time of starting the Topic, it was suggested that the field of anticoccidial antibiotics
could need special focus.

Various journals were involved in this Topical Issue, and of the submissions that were
finally accepted following peer-review, six papers were published from the journal Processes,
and three from Sustainability.

Chronologically, the first two papers accepted and included were “Efficiency of Coag-
ulation/Flocculation for the Removal of Complex Mixture of Textile Fibers from Water” [1]
and “Efficient Degradation of Chlortetracycline by Graphene Supported Cobalt Oxide
Activated Peroxydisulfate: Performances and Mechanisms” [2], both from the journal
Processes.

The third and fourth manuscripts accepted for this Topic were “Examining the Relation-
ship between Pro-Environmental Attitudes, Self-Determination, and Sustained Intention
in Eco-Friendly Sports Participation: A Study on Plogging Participants” [3] and “Effects
of Chlortetracycline on the Growth of Eggplant and Associated Rhizosphere Bacterial
Communities.” [4], both published in the journal Sustainability.

The fifth and sixth works were published in Processes, with the titles “Visualization Net-
work Analysis of Studies on Agricultural Drainage Water Treatment.” [5] and “Assessing
Biodegradation Processes of Atrazine in Constructed Wetland Using Compound-Specific
Stable Isotope Analysis” [6].

The last manuscripts accepted were “A Study on Sensitivity of Soil-Based Building
Mixtures to Biodeterioration by Fungi: Towards Sustainable Earth Structures” [7], published
in Sustainability, “Determination of 24 Trace Aromatic Substances in Rosemary Hydrosol by

Processes 2024, 12, 1379. https://doi.org/10.3390/pr12071379 https://www.mdpi.com/journal/processes1



Processes 2024, 12, 1379

Dispersed Liquid-Liquid Microextraction-Gas Chromatography” [8], published in Processes,
and “Removal of cefuroxime from soils by means of the bio-adsorbents pine bark, mussel
shell and oak ash” [9], published in Processes.

This Topic is now closed to new submissions, with an acceptance rate near 50%.
Further available data indicate that, to date, the current number of citations to individual
published papers is four, while the number of views per single paper is in the range of 4038
to 667.

Finally, the editors of this Topic view it as a complement to a previous Topical Issue
which had a general focus on emerging pollutants [10,11], with the current Issue including
new high-quality and relevant contributions to this field of research. Looking forward,
the quantification of existing and eventual new emerging pollutants will continue to be
a matter of concern, as well as facing these challenges by proposing and assessing viable
alternatives. In addition, it is clear that specific research dealing with anticoccidials as
environmental pollutants is needed, as indicated in a recent publication [12].

Author Contributions: All authors contributed equally to all aspects of this Topical Issue. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish State Investigation Agency (Agencia Estatal
de Investigación); grant number PID2021-122920OB-C21 (specifically, Avelino Núñez-Delgado and
Esperanza Álvarez-Rodríguez received funding for research related to this Topic).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
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Removal of the Highly Toxic Anticoccidial Monensin Using Six
Different Low-Cost Bio-Adsorbents
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Abstract: The anticoccidial monensin (MON) is a high-concern emerging pollutant. This research
focused on six low-cost bio-adsorbents (alfa, cactus, and palm fibers, and acacia, eucalyptus, and
zean oak barks), assessing their potential for MON removal. Batch adsorption/desorption tests were
carried out, and the results were fitted to the Freundlich, Langmuir, Linear, Sips, and Temkin models.
The concentrations adsorbed by the six materials were very similar when low doses of antibiotic were
added, while they differed when adding MON concentrations higher than 20 μmol L−1 (adsorption
ranging 256.98–1123.98 μmol kg−1). The highest adsorption corresponded to the sorbents with the
most acidic pH (<5.5) and the highest organic matter and effective cation exchange capacity values
(eucalyptus bark and acacia bark, reaching 92.3% and 87.8%), whereas cactus and palm fibers showed
the lowest values (18.3% and 10.17%). MON desorption was below 8.5%, except for cactus and palm
fibers. Temkin was the model showing the best adjustment to the experimental data, followed by
the Langmuir and the Sips models. The overall results indicate that eucalyptus bark, alfa fiber, and
acacia bark are efficient bio-adsorbents with potential for MON removal, retaining it when spread in
environmental compartments, reducing related risks for human and environmental health.

Keywords: bio-adsorbents; ionophore antibiotics; monensin; natural barks; natural fibers

1. Introduction

The global overconsumption of antibiotics has led to worldwide issues such as an-
tibiotic resistance, underscoring the need for strict regulations and responsible medical
practices [1–3]. Numerous classes of antibiotics used in animal husbandry are very similar
or identical to those prescribed for human use [4], while others (such as the ionophore
anticoccidials monensin, salinomycin, narasin, and lasalocid) are employed strictly in vet-
erinary, as feed additives to promote growth and prevent diseases in livestock, particularly
coccidiosis [5]. All these ionophores have been reported to exhibit higher toxicity than
other antibiotics [6,7]. However, ionophore antibiotics have been extensively employed in
farm animals, which has accounted for at least 50% of antibiotic use in the United States [8].
Consequently, several concerns related to the widespread use of these substances in cattle
and poultry farming can be taken into account, raising worries due to their potential impact
on human health and the environment.

After its administration, residues of the ionophore antibiotics are excreted in animal
feces and urines, which are further used as fertilizer for soils [9]. In addition to animal
manure/slurry, ionophores can reach soils via contaminated water and treated wastewater
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used for crop irrigation and through the spreading of sludge resulting from wastewater
treatment that are used as fertilizers [10]. Upon reaching the soil, these emerging pollutants
can impact soil bacterial communities, generating anti-microbial resistance [11].

In the case of the ionophore antibiotic monensin (MON), due to its wide use, its
potential high toxicity, and the limited knowledge with regards to its environmental reper-
cussions, it has been classified as a high-priority environmental contaminant [12]. MON
is a monocarboxylic polyether [13,14], primarily produced by the bacterium Streptomyces
cinnamonensis [15], with its specific chemical structure shown in Figure 1.

 
Figure 1. Chemical structure of monensin (MON) [13].

Adsorption to soils can potentially mitigate the health risks related to the transfer of
MON to crops from the soil solution [16], although limited research has been conducted in
this regard. In addition, it would be needed to carry out research focused on alternatives
to prevent soil and water pollution caused by this very toxic antibiotic, as well as on
techniques to remediate it in already contaminated areas.

Regarding wastewater treatment, different techniques are used to remove antibiotics,
like membrane separation, filtration, and advanced oxidation [17–19]. However, these
approaches are associated with high costs and substantial waste production [20–22], with
their application often resulting in significant energy consumption and depletion of non-
renewable resources, thereby contributing to ecological impacts. Adsorption methods offer
an alternative to conventional techniques for depollution, providing pollutant-removal
efficiency, cost-efficiency, simplicity, and versatility [23,24], making it a promising method
for pollution-remediation applications such as antibiotic remediation, especially in water.
Previous studies have encouraged the use of low-cost and eco-friendly materials to adsorb
antibiotics like sulfonamides present in edaphic environments [25] or tetracyclines in
water [26], as they are capable of increasing the adsorption of soils with low retention
capacity or to be effective in water decontamination. However, there is a lack of studies
investigating the potential of eco-friendly bio-adsorbents for the removal of ionophores
from water and soils. In this regard, Míguez-González et al. [27] suggested the need to
perform additional research in this area, particularly focusing on advancements in the
retention/removal of ionophore anticoccidials from environmental compartments, using
both raw and modified bio-adsorbents as well as nanomaterials.

Natural and/or modified fiber-based materials have previously been used to remove
various emerging pollutants from water systems. In this context, a study outlined by Ben
Rebah and Siddeeg [28] reviewed the high efficiency of cactus fiber in removing a wide
array of heavy metals, such as copper (Cu (II)) and cadmium (Cd (II)), as well as dyes like
methylene blue (MB) and eriochrome black T (EBT). This aligns with data obtained in earlier
research on the use of cactus fiber-based adsorbents for these purposes [29–31]. Prodromou
and Pashalidis [32] investigated the removal of chromium (Cr (II)) using phosphorylated
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(with 1.5 M H3PO4) and MnO2-coated cactus fiber samples, comparing them to untreated
cactus fiber. Additionally, recent studies have focused on using fiber materials, such as palm
and alfa fibers, to remove pollutants like metals from aqueous solutions and wastewater
effluents [33,34]. Other studies have explored the potential use of natural barks, such as
eucalyptus and acacia barks, in water remediation. One early study evaluated a eucalyptus
(Eucalyptus camaldulensis) bark-based composite, as new efficient adsorbent for the removal
of basic blue 41 dye from aqueous solutions, showing a high level of adsorption [35]. A
similar study used Acacia raddiana bark for the biosorption of copper cations from aqueous
solutions, reporting a maximum copper biosorption capacity of 82.63 mg g−1 at pH 5 and a
temperature of around 25–30 ◦C [36]. To be noted, studies on the adsorption properties of
Acacia salicina bark are scarce, making it of interest for investigation.

With the above background, the present research was conceived as the first study
simultaneously assessing alfa, cactus, and palm fibers, as well as acacia, eucalyptus, and
zean oak barks, with regards to their potential for removing MON molecules from aqueous
solutions. The results of this investigation could be of value in relation to controlling con-
tamination episodes caused by this emerging pollutant, and at the same time could promote
the recycling of low-cost by-products as bio-adsorbents, thus favoring sustainability, public
health, and environmental protection.

2. Materials and Methods

2.1. Chemicals

MON was provided by Sigma-Aldrich (Madrid, Spain). The main physicochemical
properties of this antibiotic are listed in Table S1 (Supplementary Material). Acetonitrile
(purity ≥ 99.9%), and phosphoric acid (85% extra pure) were from Fisher Scientific (Madrid,
Spain), while 95% pure CaCl2 was from Panreac (Barcelona, Spain). In addition, optima-
grade reagents methanol, CaCl2, acetic acid, Trichloroacetic (TCA), and 2,4-Dinitrophenol
(DNP) acids were purchased from Sigma-Aldrich (Madrid, Spain). For HPLC analy-
ses, all necessary solutions were prepared with milliQ water obtained from Millipore
(Madrid, Spain).

2.2. Bio-Adsorbent Materials

Six bio-adsorbents were used: (i) three natural fibers: alfa fiber (derived from Stipa
tenacissima, a plant frequently distributed in central and southern Tunisia), which was
sampled from the Hadej region (Menzel Bouzaiane, Sidi Bouzid, Central Tunisia); palm
fiber (Phœnix dactylifera L.), which was sampled from the Midass region (Tozeur, southern
Tunisia); and cactus fiber (Opuntia ficus-indica), from the Tala region (Kasserine, North-
central Tunisia); (ii) three natural barks: two of them were acacia and eucalyptus barks,
which were from the tree species Acacia salicina and Eucalyptus camaldulensis, respectively,
both commonly found in arid and semi-arid regions of Tunisia, and that for this study
were obtained from the Maknessy region in Sidi Bouzid, central Tunisia; and the third bark
sample was derived from the zean oak tree (Quercus canariensis Willd), collected from the
Tabarka region in northwestern Tunisia, where it is commonly distributed.

The sampling of the bio-adsorbent materials was done in March 2023 from different
Tunisian locations, and they were subsequently transferred to the laboratory for preparation
and physicochemical analyses. Before further processing, the bio-adsorbent samples were
washed and dried (in an oven at 60 ◦C for 24 h), then crushed using an automatic grinder
(SCP SCIENCE SP-2000 Swing Mill Grinder). After crushing, the bio-adsorbents used in
the experiment were sieved through a 100-μm mesh.

2.3. Characterization of the Bio-Adsorbents

The six bio-adsorbents were characterized before performing adsorption-desorption
tests. The physicochemical parameters that were assessed were pH and electrical conduc-
tivity (pHw and EC, respectively) measured in water, pH in 0.1 M KCl solution (pHKCl), pH
of the point of zero charge (pHPZC), humidity (H%), bulk density (D, expressed in g cm−3),
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swelling index (SI%), porosity (P%), ash (As) content, organic matter content, exchange-
able cations (Cae, Mge, Nae, Ke, and Ale, expressed in cmolc kg−1), and effective cation
exchange capacity (eCEC, also expressed in cmolc kg−1). The methods employed for the
characterization of the bio-adsorbents are detailed in the Supplementary Material, where
references to the methods presented in Fox and Kamprath [37], Lopes et al. [38], Nebot
et al. [39], Peech [40], and Rodríguez-López et al. [41] are included.

2.4. Experimental Design
2.4.1. Influence of Environmental Factors

The main factors considered were adsorbent weight, contact time, and MON con-
centration. These factors were selected taking into consideration previous kinetic studies
on ionophore antibiotics such as monensin and lasalocid [6], as well as non-ionophore
antibiotics such as amoxicillin [42], when adsorbed onto soils and different bio-adsorbents,
which had indicated that 48 h were sufficient to achieve equilibrium in the adsorption
process. Additionally, the bio-adsorbent mass was fixed as 0.5 g, which were added to
10 mL of the MON solutions, with the samples being shaken under dark conditions to
prevent photodegradation, particularly under ultraviolet (UV) light, which can impact the
stability of MON molecules.

All the experiments were conducted at room temperature (25 ± 2 ◦C) without ad-
justing the pH, which is relevant to many real-world sorption applications, especially in
environmental remediation. In addition, standard calibration procedures were performed
before measuring with the pH-meter and atomic absorption spectrophotometer.

2.4.2. Experiments on Adsorption and Desorption (Batch Tests)

Batch experiments were employed to conduct adsorption and desorption investiga-
tions across the entire array of bio-adsorbents, following the procedure detailed in the
Supplementary Material. Moreover, details about the experimental conditions for the
adsorption-desorption tests were briefly mentioned in the Supplementary Material. Ad-
sorption and desorption studies were executed through batch experiments, wherein 0.5 g
of adsorbent were immersed in 10 mL of MON solutions using six concentrations, ranging
from 5 to 100 μmol L−1 in 0.005 M CaCl2 solutions, as done previously in studies for tetra-
cycline and sulfadiazine antibiotics in natural and modified clays [43,44] and onto forest
bio-adsorbents like pine bark and oak ash [45]. CaCl2 was used as a background electrolyte
to maintain constant ionic strength. The shaking time was 48 h, which was found to be a
sufficient duration to achieve equilibrium, as determined in previous unpublished kinetic
studies. The desorption tests involved the addition of 10 mL of 0.005 M CaCl2 solutions,
followed by the application of the same procedure as employed in the adsorption tests. All
these experiments were conducted in triplicate.

2.4.3. Quantification of MON

Prior to the quantification analysis, certain procedural steps were considered necessary
to enhance the detectability of the MON antibiotic (details are provided in the Supplemen-
tary Material). MON quantification for adsorption and desorption phases was performed
in triplicate, at room temperature (25 ± 2 ◦C), and with unmodified pH, using an UltiMate
3000 HPLC liquid chromatograph (Thermo Fisher Scientific, Madrid, Spain). During the
quantification process, all HPLC samples from the adsorption-desorption steps were run
with an isocratic method, with a single phase composed of methanol (88.5%), water (10%),
and acetic acid (1.5%), with a flow rate set at 1 mL min−1. Subsequently, the obtained data
were analyzed using Chromeleon software version 7 (Thermo Fisher Scientific, Madrid,
Spain). Further details concerning the HPLC equipment are outlined in the Supplementary
Material. For the separation of MON, the following conditions were used: the injection
volume for analysis was 200 μL, the total analysis time was 35 min, with a wavelength
of 392 nm. The MON peak appeared divided into three peaks at times: 6.9 min, 7.2 min,
and 8.4 min. Then, the areas of these three peaks were summed up. It is stressed to

7



Toxics 2024, 12, 606

note that between each measurement, the syringe was rinsed with the running solution.
Figure S1 (Supplementary Material) presents some example chromatograms. Finally, taking
into account the MON concentrations added, minus the equilibrium concentrations (Ceq;
μmol L−1), allows the calculation of the amounts of MON adsorbed.

2.5. Calculation and Statistical Treatment

The experimental data obtained in the batch adsorption tests were adjusted to the Fre-
undlich (Equation (1)), Langmuir (Equation (2)), Linear (Equation (3)), Sips (Equation (4)),
and Temkin (Equation (5)) models:

qa = KF ∗ Ceq
n, (1)

qa = (qm KL ∗ Ceq)/(1 + KL ∗ Ceq), (2)

qa = Kd ∗ Ceq, (3)

qa = qm ∗ ((KS ∗ Ceq)n/(1 + (KS ∗ Ceq)n), (4)

qa = β lnKT + β lnCeq, (5)

where qa (μmol kg−1) is the quantity of antibiotic retained by the different bio-adsorbents
at equilibrium, the concentration of antibiotic present in the solution at equilibrium is
denoted as Ceq (μmol L−1); KF is the Freundlich parameter associated with adsorption
capacity (Ln μmol1−n kg−1); n (dimensionless) is the Freundlich linearity index, KL is the
Langmuir adsorption constant (L μmol−1), while qm is the maximum adsorption capacity
according to the Langmuir model (μmol kg−1). Kd (L kg−1) is the distribution coefficient
in the linear model; KS represents the Sips adsorption constant, indicating the affinity of
the adsorbate for the surface (L μmol−1), while n (dimensionless) reflects the heterogeneity
of the equilibrium system. In the Temkin model, β = RT/bt, bt is the Temkin constant
associated with sorption (J/mol), R is the universal gas constant [46,47], and T denotes
the temperature at 25 ◦C (K = 298 ◦C). Additionally, KT represents the Temkin isotherm
equilibrium binding constant (L g−1).

In the current work, the hysteresis index (HI) (Equation (6)) was calculated using the
formula established in prior literature [41]:

HI = (qa
D − qaS)/qa

S, (6)

where qa
S represents the adsorption concentrations of MON in the studied bio-adsorbents

and qa
D denotes the final concentration after the desorption experiments.

The adjustment of adsorption experiments to the different statistical models, along
with one way-ANOVA analysis, was conducted using IBM SPSS Statistics version 21
software (New York, NY, USA).

In order to achieve more comprehensive information about the affinity of binding
sites and to analyze the results of adsorption modeling, the Scatchard plot analysis [48], a
widely used technique, also known as the independent-site oriented model, was applied to
the experimental data. Compared to other mathematical transformations of the classical
Langmuir equation, awareness about the equilibrium concentration ranges where the
Langmuir model shows good fit to the experimental data can be acquired more easily
through the Scatchard equation, which is represented as follows:

qa/Ceq = Qm
S Kb − qa Kb, (7)

where qa and Ceq have the same meaning as mentioned above, and Qm
S and Kb are the

Scatchard parameters, with Qm
S (expressed in μmol kg−1) being the theoretical saturation
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capacity (also known as a parameter related to the number of binding sites involved in a
particular sorption process), whereas Kb is considered as a constant related to the affinity
between sorbent and sorbate (also known as binding constant). Additionally, the Scatchard
model was used to analyze adsorption data by plotting qa/Ceq against qa, creating a
Scatchard plot (Figure S2, Supplementary Material). The shape of the plots obtained
indicates: (i) a straight line reveals uniform adsorption sites; (ii) a nonlinear curve suggests
nonspecific or multiple interactions; and (iii) concave curves denote negative cooperative
effects or heterogeneous sites, while convex curves imply positive cooperative effects [44,49].
Deviations from linearity (as determined by R2 values) can signal non-specific or multi-type
interactions between adsorbents and adsorbates [50].

All the above indicated methods suppose the first steps included in a wide research
program, with a series of subsequent phases to be accomplished with regards to empirical
and computational tasks, according to previously defined protocols [51,52].

3. Results

3.1. Bio-Adsorbents Characteristics

Table 1 shows the values corresponding to the physicochemical parameters determined
for the six bio-adsorbents studied.

Table 1. Chemical characteristics of the different bio-adsorbents, with average values (n = 3) and
coefficients of variation always <5%. EC: electrical conductivity (in dS m−1); (H%): Moisture con-
tent (in percentage); DM: Dry matter content (%): P: Porosity (in percentage); As: Ash content
(%); VM: Volatile matter content (%); BD: Bulk density (in g cm−3); RD: Real density (in g cm−3);
SI: Swelling Index (in percentage); OM: organic matter content (%); OC%: Organic carbon con-
tent (in percentage); Xe: exchangeable cations (Al, Ca, K, Mg, and Na, expressed in cmolc kg−1);
eCEC: effective cation exchange capacity (expressed in cmolc kg−1).

Alfa Fiber Cactus Fiber Palm Fiber Acacia Bark Eucalyptus Bark Zean Oak Bark

pHw 5.1 7.4 5.5 4.9 5.4 5.7
pHKCl 4.7 7.6 6.9 4.2 5.1 4.8
pHPZC 6.6 6.2 4.3 7.1 7.4 5.8

EC 21 204 818 19.7 4.2 5.9
H% 9.3 6.2 5.4 10.7 11.5 7.0
DM 90.7 93.8 94.6 89.3 88.5 93.0

P 86.6 48.0 41.6 62.8 65.7 57.5
As 2.45 3.34 4.36 1.22 1.42 1.91
VM 97.55 96.66 95.64 98.58 98.58 98.09
BD 1.28 0.96 0.81 1.42 1.53 1.1
RD 1.65 1.23 1.14 1.86 1.97 1.43
SI 2.56 1.43 1.08 2.82 2.96 1.84

OM 40.72 21.76 18.84 49.21 50.25 29.85
OC% 19.54 10.44 9.04 23.62 24.12 14.32
Ale 0.11 0.05 0.05 0.18 0.11 0.09
Cae 6.74 2.04 1.97 7.44 7.98 4.22
Ke 2.22 3.04 2.96 2.02 2.07 2.79

Mge 1.57 3.06 2.99 1.03 0.86 2.81
Nae 2.32 1.05 0.96 3.77 4.04 1.12

eCEC 13.97 9.26 8.55 14.45 15.08 11.04
Paricle size (%)
0.075–0.1 mm 86.17 52.28 66.71 26.14 31.30 39.70
0.05–0.075 mm 11.68 30.61 15.77 68.43 65.45 53.40
0.05–0.02 mm 2.15 10.73 13.47 4.16 3.25 6.78

<0.02 mm -- 6.38 4.05 1.27 -- 1.20

As shown in Table 1, the pH values (in water) ranged between 5.1 and 7.4 for the fibers,
while the range was 4.9–5.7 for the bark samples. These values were higher than those of
pHKCl for alfa fiber, as well as for acacia and eucalyptus barks, which ranged from 4.2 to
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5.1. Conversely, the pHw values were lower than the pHKCl values for cactus and palm
fibers, as well as for zean oak bark, which ranged from 4.8 to 7.6. The pHPZC values shown
in Table 1 were estimated from the intersection between the bisector line and the graphical
representation of pHfinal versus pHinitial (see details in the Supplementary Material) as
shown in Figure S1 (Supplementary Material). The pHPZC values of the different bio-
adsorbents here studied were in the range of 4.3–7.4, as indicated in Table 1 and Figure S3
(Supplementary Material). It is crucial to bear in mind that at pH < pHPZC, the adsorbent
surface is positively charged, and the adsorption of anions is consequently favored (as
observed for acacia and eucalyptus barks, and also for alfa fiber), whereas, at pH > pHPZC,
the biosorbent surface is negatively charged, and biosorption of cations is favored (as noted
for cactus and palm fibers along with zean oak bark) [53–55]. The fibers had the highest EC
levels (ranging 21–818 dS m−1), being lower for the barks (4.2–19.7 dS m−1). The moisture
content (H%) values were typically higher (ranging 9.3–11.5%) for alfa fiber and eucalyptus
and acacia barks, compared to those observed for cactus and palm fibers, as well as for
zean oak bark (ranging 5.4–7.0%) (Table 1). Thus, the highest values for dry matter (DM)
content were observed for samples with lower H% scores, specifically cactus (93.8%) and
palm (94.6%) fibers, as well as oak bark (93.0%) (Table 1).

Concerning the bio-adsorbent’s porosity, their values oscillated between 41.6% and
86.6% for alfa fiber and palm fiber, respectively. The bark samples presented low lev-
els of ash (As) content (1.22, 1.42, and 1.91% for acacia, eucalyptus, and zean oak bark,
respectively) and similar volatile matter (VM%) content (Table 1).

The bulk density (BD) values of the studied bio-adsorbents varied between 0.81 g cm−3

of cactus fiber and 1.53 g cm−3 of acacia bark, which were lower than the real density (RD)
scores (ranging 1.14–1.97 g cm−3) (Table 1).

Regarding the swelling indices (SI), acacia and eucalyptus barks and alfa fiber had the
highest swelling power, compared to the other adsorbent materials, and are also the ones
with the highest density (Table 1).

The organic matter content (OM) also shows a marked variability, oscillating between
18.84% (palm fiber) and 50.25% (eucalyptus bark). In the current study, eucalyptus and acacia
barks, together with alfa fiber, present the highest OM values (>40%), whereas it is below
30% for the other bio-adsorbents. Similarly, eucalyptus and acacia barks, along with alfa
fiber, exhibited the highest organic carbon (OC%) values, oscillating between 24.12% (acacia
bark) and 19.54% (alfa fiber), while the OC% values for the other adsorbent materials did not
exceed 14.32%. Among the exchangeable cations, Cae was predominant in alfa fiber and in the
three barks, while Mge predominated in cactus and palm fibers. The highest Nae values were
observed in eucalyptus and acacia barks, together with alfa fiber. Conversely, Ale showed
low levels for all the bio-adsorbents (ranging between 0.05 and 0.18 cmolc kg−1), with its
highest values associated with acacia and eucalyptus barks, and with alfa fiber, coinciding
with its lower pH. Furthermore, both eucalyptus and acacia barks, as well as alfa fiber, showed
the highest eCEC scores. Note that the three bio-adsorbents with the lowest OM contents
(palm fiber, cactus fiber, and zean oak bark) are those with the lowest eECE values, which is
indicative of the importance of OM in the generation of electrical charges.

The wet sieving analysis indicated that the studied bio-adsorbents had particle sizes
mostly ranging from 75 to 100 μm (0.075 to 0.1 mm) for fiber samples and from 50 to 75 μm
(0.05 to 0.075 mm) for bark samples. All samples were well-homogenized before being
used in this investigation.

3.2. MON Adsorption

Figure 2 shows adsorption curves, plotting the amount of antibiotic adsorbed (qa, in
μmol kg−1) versus its concentration in the equilibrium solution (Ceq, in μmol L−1). As
depicted in Figure 2, the adsorbed amounts increase with the rise in equilibrium concentra-
tion (Ceq), while the slopes gradually decrease, with the most pronounced decrease being
for cactus and palm fibers.
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(a) (b) 

 

(c) (d) 

 
(e) (f) 

Figure 2. Adsorption curves for MON corresponding to the different bio-adsorbents used: natural
fibers (a–c) and barks (d–f). Average values (n = 3), with coefficients of variation always <5%.
When the error bars are not visible, it means that they are smaller than the symbols. Adsorption
tests conditions: 0.5 g of adsorbent with 10 mL of 0.005 M CaCl2 solutions containing from 5 to
100 μmol L−1 of MON, shaking for 48 h at 50 rpm in the dark and at 25 ± 2 ◦C, then centrifuging
(4000× g) and filtering by 0.45 μm before HPLC quantification.
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Additionally, the adsorption capacities of the studied bio-adsorbents, expressed in
μmol kg−1 and as a percentage, are shown in Figure 3. According to these data, the
maximum adsorption corresponded to eucalyptus bark, followed by acacia bark and
alfa fiber. Specifically, for the highest concentration of MON added (100 μmol L−1), the
adsorbent amounts were 1123.98, 930.34, and 853.98 μmol kg−1, for eucalyptus and acacia
barks, and for alfa fiber, respectively. Contrary, for the same added concentration the
minimum adsorption amounts were observed for palm fiber (256.98 μmol kg−1), followed
by cactus fiber (370.98 μmol kg−1), and then zean oak bark (491.18 μmol kg−1).

 
(a) 

 
(b) 

Figure 3. Monensin (MON) adsorption of (in μmol kg−1 and %) onto natural fibers (a) and barks
(b), as a function of the concentration of the antibiotic added (μmol L−1). Average values (n = 3),
with coefficients of variation always <5%. When the error bars are not visible, it means that they are
smaller than the symbols.

Considering the adsorption data presented in Figure 3, it is crucial to note that the
amounts of MON adsorbed increase as a function of the concentration of antibiotic added,
contrary to the adsorption percentages, which decrease with the rise of the MON concen-
tration added, especially in case of palm and cactus fiber, and of zean oak bark. Adsorption
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percentages are close or equal to 100% for eucalyptus and acacia barks, as well as for alfa
fiber, when the MON concentrations added ranged between 5 and 20 μmol L−1, while the
scores decreased for cactus and palm fibers and for zean oak bark, going from 84.0 to 47.8%
(Figure 3).

3.3. Fitting of Experimental Data to Adsorption Models

The details corresponding to the fitting of MON adsorption experimental data to the
Freundlich, Langmuir, Linear, Sips and Temkin models are presented in Table 2.

Table 2. Values corresponding to the fitting of the experimental data (referred to MON adsorption
onto the six bio-adsorbents) to the parameters of the Freundlich, Langmuir, Linear, Sips, and Temkin
models. KF (Ln μmol1−n kg−1); KL (L kg−1); qm (μmol kg−1); Kd (L kg−1); Ks (L kg−1); Kt (L g−1);
bt (J/mol). R2: coefficient of determination; -: error too high for fitting.

Alfa Fiber Cactus Fiber Palm Fiber Acacia Bark Eucalyptus Bark Zean-Oak Bark

Freundlich
model

KF 227.7 116.1 57.4 331.1 470.4 195.5
Error 40.1 9.8 19.1 93.1 101.2 6.4

n 1.415 0.212 0.236 2.484 2.685 0.458
Error 0.05 0.03 0.01 0.11 0.28 0.09

R2 0.762 0.826 0.817 0.723 0.741 0.842

Langmuir
model

KL 0.14 0.06 0.04 0.27 0.31 0.08
Error 0.01 0.00 0.01 0.02 0.03 0.00

qm 957.9 835.8 809.9 987.2 1046.1 527.9
Error 97.4 80.7 60.6 107.5 140.3 37.48

R2 0.997 0.962 0.995 0.972 0.989 0.934

Linear
model

Kd 28.85 5.04 2.29 114.9 167.8 6.46
Error 5.52 0.49 0.28 30.4 34.9 0.3

R2 0.634 0.622 0.611 0.631 0.578 0.601

Sips
model

Ks 3.21 1.00 0.18 4.77 6.2 1.85
Error 0.13 0.01 0.00 0.93 1.1 0.05

n 1.523 0.270 0.173 2.137 2.754 0.441
Error 0.13 0.1 0.007 0.24 0.22 0.02

qm 925.6 474.5 336.1 969.3 925.6 704.6
Error 10.3 32.1 23.3 47.8 35.1 15.5

R2 0.944 0.873 0.869 0.925 0.932 0.884

Temkin
model

Kt 2.71 0.64 - 3.84 4.21 -
Error 0.004 0.00 - 0.34 0.001 -

bt 4.772 0.344 0.231 5.022 6.765 2.522
Error 0.8 0.05 0.09 0.00 1.33 1.53

R2 0.989 0.979 0.968 1.00 1.00 0.982

3.4. MON Desorption

Figure 4 presents the amounts of MON desorbed from the different bio-adsorbents,
as well as the desorption percentages, versus the initial MON concentrations added
(μmol L−1). When the MON concentrations added are lower than 20 μmol L−1, the amounts
desorbed are generally low (<10%) and similar for all the bio-adsorbents. At higher con-
centrations added, clearly higher desorption scores are observed for cactus fiber and palm
fiber (Figure 4).
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Figure 4. Desorption of monensin (MON) (in μmol kg−1 and %) from natural fibers (a) and barks
(b), as a function of the concentration of the antibiotic added (μmol L−1). Average values (n = 3),
with coefficients of variation always <5%. When the error bars are not visible, it means that they are
smaller than the symbols.

For cactus fiber the desorbed quantities reach 173 μmol kg−1 when the added con-
centration is 100 μmol L−1, which corresponds to almost 47% of the added antibiotic. As
for palm fiber, the maximum desorption value was 84.4 μmol kg−1 (23.2%), also associ-
ated with the highest dose added. It is important to note that, at the three lowest MON
concentrations added (5, 10, and 20 μmol L−1), the desorption percentages observed for
both cactus and palm fibers did not exceed 9% and 5%, respectively. Alfa fiber exhibited
the lowest desorption of MON (8.45 μmol kg−1), representing 1.1% of the added antibiotic,
at a MON concentration added of 100 μmol L−1 (Figure 4). The desorbed amounts never
exceed 23 μmol kg−1 for eucalyptus and acacia barks, remaining below 10% across the four
highest concentrations of antibiotic added (from 20 to 100 μmol L−1). Regarding zean oak
bark, it did not desorb MON at the three lowest concentrations added, while it began to
desorb when the initial concentration reached 40 μmol L−1, although it did not exceed 5%
in any case (Figure 4). Thus, the desorption sequence for the three highest concentrations
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of antibiotic added was: alfa fiber < zean oak bark < acacia bark < eucalyptus bark < palm
fiber < cactus fiber.

The MON desorption percentages obtained for most of the here-studied sorbent
materials demonstrate the low reversibility of the adsorption process. The calculation of
the hysteresis index (HI) supports this idea, obtaining values greater than 0.906 in most
samples, except in cactus and palm fibers, with average values around 0.235 and 0.429,
respectively (Table 3).

Table 3. Hysteresis index (HI) corresponding to the desorption of MON from the six bio-adsorbents,
and for each of the initial concentrations of the antibiotic added.

MON Concentration
Added (μmol L−1)

Hysteresis Index (HI)

Alfa Fiber Cactus Fiber Palm Fiber Acacia Bark Eucalyptus Bark Zean Oak Bark

5 0.852 0.977 0.982 0.904 0.869 1
10 0.907 0.956 0.961 0.914 0.895 1
20 0.935 0.855 0.918 0.921 0.903 0.996
40 0.973 0.390 0.748 0.932 0.914 0.943
80 0.979 −0.221 −0.248 0.938 0.919 0.914

100 0.985 −1.546 −1.281 0.957 0.936 0.824
Average values 0.938 0.235 0.429 0.928 0.906 0.946

Table 4 shows that, as happened regarding the fitting of the adsorption data, the
desorption experimental results were well-described by both the Temkin model (with R2

values ranging from 0.984 to 1.00) and the Sips model (R2 ranging from 0.918 to 0.995).

Table 4. Values corresponding to the fitting of the experimental data (referred to MON desorption
from the six bio-adsorbents) to the parameters of the Freundlich, Langmuir, Linear, Sips, and Temkin
models. KF (Ln μmol1−n kg−1); KL (L kg−1); qm (μmol kg−1); Kd (L kg−1); Ks (L kg−1); Kt (L g−1);
bt (J/mol). R2: coefficient of determination; -: error too high for fitting.

Alfa Fiber Cactus Fiber Palm Fiber Acacia Bark Eucalyptus Bark Zean Oak Bark

Freundlich model

KF 0.627 - 17.638 2.685 - -
Error 0.263 - 2.143 0.519 - -

n 0.144 - 0.045 2.732 3.112 0.769
Error 0.021 - 0.015 0.331 0.301 0.180

R2 0.737 - 0.892 0.719 0.741 0.868

Langmuir model

KL 0.204 0.009 0.049 0.06 0.121 0.070
Error 0.001 0.00 0.022 0.03 0.042 0.001

qm 281.36 443.21 324.65 270.58 254.36 178.12
Error 32.02 97.46 65.13 104.70 123.23 54.82

R2 0.653 0.573 0.465 0.705 0.713 0.745

Linear model
Kd 0.641 6.210 0.955 0.423 0.418 0.162

Error 0.182 0.521 0.026 0.072 0.068 0.029
R2 0.625 0.752 0.832 0.721 0.789 0.727

Sips model

Ks 0.875 - - - - 0.052
Error 0.00 - - - - 0.0021

n 0.872 0.445 1.972 0.582 0.673 0.341
Error 0.00 0.012 0.052 0.00 0.00 0.001

qm 59.60 64.211 175.73 25.195 28.012 6.055
Error 11.00 15.022 23.06 19.540 10.332 2.013

R2 0.918 0.950 0.934 0.932 0.987 0.995

Temkin model

Kt 0.381 1.292 2.887 1.022 1.307 0.077
Error 0.049 0.011 0.153 0.142 0.062 0.010

bt 0.405 0.532 0.112 0.311 0.285 0.028
Error 0.155 0.213 0.003 0.101 0.031 0.00

R2 0.998 0.989 0.984 1.00 1.00 0.993
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4. Discussion

4.1. MON Adsorption

Most of the adsorption curves included in Figure 2 are L-type, according to Giles et al. [56],
while those obtained for alfa fiber and, especially, for eucalyptus bark and acacia bark,
can be considered type H, which are a special case of L-type curves, indicating that the
adsorbent surface has a high affinity for the solute [57]. A decreasing slope with increasing
concentration is indicative of this type of curve and is explained by the decrease in adsorp-
tion sites available on the adsorbent [58]. Generally, these curves exhibit non-linearity and
concavity, suggesting that at low Ceq values there is a strong affinity for the bio-adsorbents,
resulting in most of the pollutant being adsorbed in almost all the samples. It is important to
note that in the case of zean oak bark adsorption curves have a higher tendency to linearity,
although they can also be considered type L, but with a much lower slope compared to
those of alfa fiber and both acacia and eucalyptus barks.

As shown in Figure 3, for added concentrations ranging from 40 to 100 μmol L−1, a
decrease in the adsorption percentages is evidenced, which would be due to the adsorp-
tion sites in the bio-adsorbents gradually becoming saturated as higher concentrations of
antibiotic are added [59]. Note that the percentages remain high (>90%) for acacia and
eucalyptus barks, and for alfa fiber (>76.6%). These adsorption percentages indicate the
strong affinity of the antibiotic for acacia and eucalyptus barks, and for alfa fiber, at all the
concentrations added (with mean values of 92.6%, 95.9%, and 97.0%, respectively), while
the other bio-adsorbents show percentages lower than 40% from 40 μmol L−1 of antibiotic
added. In relation to previous studies dealing with MON adsorption, Sassman and Lee [6]
indicated that MON has the potential to be adsorbed on soils of varying physicochemical
composition, with and without manure amendment, and the analysis of drainage water in-
dicated that soil attenuation post-land application would significantly decrease the amount
of MON entering the surface water.

From a structural perspective, carboxylic ionophores such as MON are aliphatic chains
that bear five cyclic ether rings, with a carboxylic group on one end and with one or
more hydroxyl groups on the other end [60] (Figure 1). Overall, the specific adsorption
behavior of this ionophore antibiotic is influenced by the type and arrangement of these
functional groups within its chemical structure, as well as by the properties of the adsorbent
surface. According to the literature, it is assumed that ionophores are generally found
in different environmental compartments (soil, water, and sediment), at a wide range of
concentrations [16,61,62]. Several authors have found MON in surface waters, such as Bak
and Björklund [16], who reported mean concentrations around 20 ng L−1, or in streams
of the southern Pampas, Argentina [62]. Hussain et al. [15] indicate that the persistence
of MON in surface water was primarily dependent on the pH values in the affected
environment and on its acidic pKa values. Hafner et al. [11] reported the transport of MON
to shallow groundwater after irrigation with dairy lagoon water. Bak and Björklund [16]
detected the presence of MON molecules in soils at a concentration of 8 μg kg−1. Although
there are few studies on the uptake of this antibiotic by crops, Hilaire et al. [63] reported it
for grassland species. This contaminant can further pass through the food chain to animals
and humans.

Soil parameters such as pH, organic matter, or eCEC have been indicated to be of
fundamental relevance in the behavior and fate of antibiotics once they are released into
the environment [64,65]. Furthermore, the high values of porosity, moisture content, and
swelling indices can enhance the adsorption capacities of materials used as antibiotic
adsorbents [43,66]. In the current work, the highest adsorption efficiency corresponded
to the sorbents that had a lower pH (Figure S4, Supplementary Material) and ash content
(Table 1), higher OM, porosity, SI, H%, and eCEC levels, and more exchangeable Ca and Na
(alfa fiber, acacia bark, and eucalyptus bark) (Table 1). The OM present at high percentages
in all the studied bio-adsorbents, at the pH values of these materials (between 4.9 and 7.4),
will mainly present a negative charge, mostly in their carboxylic groups, that have an acidic
pKa, which can ionize, forming carboxylate ions (RCOO−) in aqueous solutions. In relation
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to the electrical charge of MON, most of the experiments that have been carried out dealing
with pKa calculation have been performed in organic solvents or in solvent/water mixtures,
giving a pKa = 6.4–6.7, but these results would be difficult to apply to aqueous media [60];
in this sense, the authors of the latter research obtained a pKa value = 4.5 in water, and,
considering this pH and those of the bio-adsorbents (all above 4.5), MON would tend to
become negatively charged, with which it could join the organic radicals of the positively
charged bio-adsorbents; however, the binding to carboxylic groups would be carried out
through a cationic bridge, which could be a frequent mode of interaction between MON
and organic groups, as noted by Hansima et al. [67]. In relation to this, Ca2+ is known for
its implication in the adsorption process where it can act as a bridge between the adsorbent
surface and absorbates such as antibiotics [68]. In addition to that commented for Ca2+,
several authors have indicated that MON has a high affinity for Na+ [6,69]. Sun et al. [60]
confirmed that the complexation of MON with Na+ (Figure S5, Supplementary Material) is
approximately one order of magnitude more favorable than with potassium ions, both in
water and in methanol. The higher exchangeable Na+ (and Ca2+) contents of some of the
sorbents used in the current research (alfa fiber, acacia bark, and eucalyptus bark) would
contribute to justify their sorption capacity.

In view of the above, MON adsorption onto the studied bio-adsorbents could take
place through different mechanisms, which could act simultaneously. One of the mecha-
nisms is electrostatic attraction between the negative charges generated on the surface of the
antibiotic at pH > pKa and the positive ones that appear in certain protonated amine groups
(-NH3

+) of the abundant organic matter present in all the bio-adsorbents under study. In
fact, positive charges would be more relevant in those bio-adsorbents having higher organic
matter contents and lower pH values, such as acacia and eucalyptus bark, and alfa fibers
(Table 1). These three bio-adsorbents also show the highest acidity considering the pH in
the equilibrium solution of the adsorption process (Table S2, Supplementary Material).

Another adsorption mechanism would make use of a cationic bridge (especially using
Na+ and Ca2+) between the negative charges of the antibiotic and the negative charges
that appear at pH values above 5 in certain organic functional groups such as carboxylic
acids (-COO−). All this justifies that the three bio-adsorbents with more acidic pH, more
organic matter and eCEC levels, and more exchangeable Na+ and Ca2+ (and less K+ and
Mg2+) are the most effective at retaining MON, specifically adsorbing more than 76.5% of
the amount added, even when using the highest antibiotic concentrations. In addition,
Hansima et al. [67] indicate that MON has a hydrophobic nature and a great tendency to
form colloidal bonds (considering soil environments), the main adsorption mechanisms
being cation bridging, metal complexation, and hydrophobic interactions with OM.

Regarding the current research, other types of interactions that are possible involve
hydrogen bonds between different oxygen-bearing functional groups, such as the ether
groups (-O-) of MON and phenolic or carboxylic functional groups of bio-adsorbents.

The scarcity of previous research on MON adsorption onto biomaterials like forest
bio-adsorbents complicates comparisons with the current study. Alternatively, and dealing
with edaphic environments, Hussain and Prasher [70] assessed MON adsorption on sandy
clay loam, and sandy soils, under varying pH conditions and organic matter contents,
also finding greater MON affinity for soils with lower pH and higher organic matter
content. Furthermore, several studies that used bio-adsorbents and different pollutants,
such as eucalyptus bark powder for dyes [71] or palm fiber for cephalexin [72], mentioned
the role of aromatic compounds on their adsorption capacities forward contaminants.
Additionally, tannins present in bio-adsorbents derived from trees and plants can be
important for the adsorption process, helping in establishing bindings between pollutants
and adsorbent surfaces [73].

4.2. Fitting to Adsorption Models

In the current research, for all the tested bio-adsorbents, the Temkin and Langmuir
models fit well the experimental adsorption data (with R2 ≥ 0.968 and ≥0.934, respectively),
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while the Sips model shows a somehow poorer fit (R2 ≥ 0.869). In the case of the Freundlich
model the value was R2 ≥ 0.723 is obtained, whereas the worst corresponded to the Linear
model (0.578 ≤ R2 ≤ 0.634) (Table 2).

The fact that the Temkin model gives the best fitting for all the bio-adsorbents here
studied would suggest that adsorption is taking place mainly by means of electrostatic
attractions between charges of different signs of the antibiotic and the bio-adsorbents [2],
which underscores the significance of chemisorption processes [74]. Moreover, Table 2
shows that the highest Kt values (oscillating between 0.223 and 4.219 L g−1) and bt values
(ranging between 0.231 and 6.765 J/mol), corresponded to eucalyptus and acacia barks,
followed by alfa fiber, which imply a more efficient adsorption process and a stronger
affinity between these bio-adsorbents and the pollutant (adsorption energetically favorable).
However, the lower Kt and bt values observed for both cactus and palm fibers, which have
the lowest adsorption, compared to the other bio-adsorbents, suggest lower interaction
between the adsorbate molecules and these adsorbents. Generally, the fitting of adsorption
data to the Temkin model shows a linear decrease in adsorption energy with surface
occupation, which is related to adsorbent-adsorbate interactions [75].

Regarding the Langmuir model, the maximum adsorption capacity (qm) was 1046.1
μmol kg−1 (for eucalyptus bark) (Table 2), which was in agreement with the measured
data (1123.9 μmol kg−1 for eucalyptus bark) (Figures 2 and 3). Acacia bark and alfa fiber
also show high qm scores (>950 μmol kg−1), with the lowest value obtained for zean
oak bark (527.9 μmol kg−1), in agreement with the amounts adsorbed in the experiment.
With regards to KL (the constant related to the affinity of the binding sites and energy
of adsorption [76]), its highest values were associated to eucalyptus and acacia barks, as
well as to alfa fiber (0.319, 0.276, and 0.149 L kg−1, respectively) (Table 2), suggesting
that there is a high affinity between these bio-adsorbents and MON. In this regard, the
KL values for these materials were higher than those reported in a previous investigation
conducted by Mirizadeh et al. [77], who studied the adsorption of other antibiotics like
tetracycline and ciprofloxacin using raw palm waste as adsorbent. In the current research,
both cactus and palm fibers, along with zean oak bark, had lower KL values, around 0.069,
0.043, and 0.082 L kg−1, which are consistent with those obtained for oak ash and pine
bark referred to other antibiotics like ciprofloxacin (KL = 0.05 L kg−1) and trimethoprim
(KL = 0.03 L kg−1) [78]. Existing a good fit of experimental data to the Langmuir model, in
such cases the adsorption process appears to be dominated by chemical and monolayer
adsorption on a surface, featuring a finite number of identical and energetically equal sites,
which would explain the decrease in the adsorption percentage as the added concentration
increases [79,80], being a chemical adsorption mechanism primarily influenced by strong
π–π interactions through electrostatic attraction and physical retention [81] and leading to
more effective MON adsorption onto the bio-adsorbents.

Concerning the Sips model, the values of the Sip adsorption constant (KS), which is
related to the affinity of the adsorbate towards the adsorbent surface [49], ranged from
0.187 to 6.201 L kg−1, with the highest scores found for eucalyptus bark, acacia bark, and
alfa fiber (Table 2). The n parameter of the Sips model typically indicates the degree of
heterogeneity in the adsorption system. When n is equal to 1, the Sips isotherm returns
to the Langmuir isotherm, predicting homogeneous adsorption. On the other hand, the
deviation of the n value from 1 approximates the fit to a Freundlich isotherm, indicating
interactions with heterogeneous surfaces [49,82]. In the current research, n ranged between
0.173 and 2.754, with the highest values (greater than 1) corresponding, again, to eucalyptus
bark, acacia bark, and alfa fiber. Values of n greater than 1 would indicate that the adsorbed
molecules have a strong affinity towards adsorbent sites [83], and this would coincide with
the greater adsorption capacity of these three bio-adsorbents.

In the Freundlich model, the linearity index (n) can be seen as indicative of the reactiv-
ity of the active sites in the adsorbent [84]. Values of n greater than 1 would correspond
to sites of high adsorption energy, with high accessibility of the antibiotic to the surface
of the adsorbent [84,85]. It is shown that n > 1 for eucalyptus bark, acacia bark, and alfa
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fiber (2.68, 2.48, and 1.41, respectively). However, for the rest of the materials (cactus fiber,
palm fiber, and zean oak bark), the values of n are clearly lower than 1 (0.21 to 0.45), which
would indicate that there is a limitation in the specific adsorption sites available on the
surface of the sorbents. This would be related to a non-linear and concave adsorption curve
(Figure 2), evidencing the greater difficulty in adsorption as the antibiotic concentration
increases, because the high-energy sites are those that are occupied first [86,87]. On the
other hand, the Freundlich constant, KF, related to the degree of interaction between the
antibiotic and the adsorbents (the higher this value, the higher the adsorption intensity) [88],
presents the following sequence: eucalyptus bark > acacia bark > alfa fiber > zean oak
bark > cactus fiber > palm fiber. This sequence agrees with the adsorption results obtained
for the different bio-adsorbents (Figure 3).

4.3. Scatchard Plots Analysis

Considering the sorption of antibiotic molecules onto various adsorbents, it is well-
known that bio-adsorbent materials can interact with antibiotic molecules through multiple
mechanisms, such as ion exchange, hydrogen bonding, and complex formation. Table S3
(Supplementary Material) shows the results of Scatchard parameters and plots. Also,
the Scatchard plots obtained for the six bio-adsorbents under investigation are shown
in Figure S2 (Supplementary Material). These kinds of plots are typically used to assess
receptor affinity for ligands, identify the number of binding sites, and calculate binding
constants (Kb) [50]. R2 values across the data range may indicate nonspecific or multi-type
interactions between adsorbate molecules and surface sites. The overall R2 values were
used to discuss the results, with R2 (L) and R2 (H) values noted on the Scatchard plots
(Figure S2, Supplementary Material). In the current work, the R2 values calculated were
always higher than 0.805 (except for the cactus and palm fibers, with R2 equal to 0.7 and
0.61, respectively), which indicates that the presence of nonspecific interactions is higher
for most of the sorbent materials than for the cactus and palm fibers, being the highest
the ones obtained for eucalyptus and acacia barks (0.968 and 0.960, respectively) and for
alfa fiber (0.952). In addition, the Scatchard plots obtained for cactus and palm fibers, as
well as for zean oak bark, can be considered as concave curves that are associated with a
negative cooperative adsorption phenomenon, as well as to surface heterogeneity [89,90]. In
contrast, for acacia and eucalyptus barks, and alfa fiber, the showed curves were considered
as convex, indicating positive cooperative phenomena, meaning that initial adsorption
occurs with low affinity, but the adsorbate becomes a likely site for subsequent adsorption.

Note that the observed deviations from the linearity in the Scatchard plots of MON
adsorption onto the six bio-adsorbents here studied are attributed to different affinities of
the binding sites toward MON molecules. Consequently (although needing complementary
studies, such as FTIR analyses to make it evident), it could be considered that the carboxyl
groups (which had relatively low pka values) of adsorbent materials (both fibers and
barks), especially those adsorbing more MON, and exhibiting suitable conformations for
antibiotic binding, may potentially intervene in the main high-affinity (strong) binding
sites, whereas phenolic groups exhibiting relatively high pKa values are assumed to be the
main low-affinity (weak) binding sites (Figure S2, Supplementary Material).

Furthermore, as shown in Table S3 (Supplementary Material), the values of the binding
constants (Kb) and the maximum capacities (Qm

S) of high- and low- affinity levels were
separately calculated. According to Table S3 (Supplementary Material), it can be seen that
the obtained Kb and Qm

S values were very close to those calculated for the Langmuir model
(except for cactus and palm fibers). Based on these results, the adsorption of MON onto the
three natural barks and alfa fiber was primarily attributed to the high-affinity binding sites.
Conversely, the interactions between the MON molecules and the cactus/palm fibers were
governed by the low-affinity binding sites, and it was believed that the binding involving
the complex formations had actually occurred through complex formation [50]. Thus, the
low-affinity binding is caused by the complex formation, whereas the high-affinity binding
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is associated with the ion exchange mechanism in the MON adsorption onto natural barks
and alfa fiber along with the other mechanisms cited above.

4.4. MON Desorption

Regarding the results shown in Figure 4, the MON desorption values obtained for the
three barks were lower than those reported in a previous study for clarithromycin using pine
bark as sorbent, where percentages of 15% were reached when adding 100 μmol L−1 [91].

The influence of the increase in the initial MON concentration added on rising desorp-
tion was clearly observed for the bio-adsorbents with the lowest removal efficiency (cactus
and palm fiber), while the relation was less marked in the case of zean oak bark (Figure 4).
However, for the most efficient bio-adsorbents (both eucalyptus and acacia barks, and alfa
fiber), this is not the case, as a slight decrease in the desorption percentage is observed when
the antibiotic dose is increased. The lower desorption scores of the latter bio-adsorbents
may be related to some of their physicochemical characteristics, especially their pH and OM
content, which would facilitate dissociation of organic functional groups, allowing a strong
binding of the antibiotic that hinders its desorption. Similar conclusions were reported by
Hu et al. [92] when studying sulfadiazine and sulfamethoxazole in different agricultural
soils. Additionally, Jeong et al. [93] indicated that adding softwood and hardwood biochar
as low-cost adsorbents to soils considerably decreased the desorption of the macrolide
antibiotic tylosin. In the current research, we found lower desorption percentages for the
three barks and alfa fiber compared to those previously reported for cefuroxime desorption
from eucalyptus leaves and pine bark [59] or compared to sulfonamides from different
agricultural soils [25]. This would encourage additional in-depth studies focused on using
the bio-adsorbents here investigated as soil amendments.

Considering the hysteresis values (HI, Table 3), the scores were relatively high for
most of the bio-adsorbents here studied, reflecting a slow desorption process [86,94], except
for cactus and palm fibers.

In relation to fitting of the desorption experimental data to different models (Table 4),
in the Temkin equation the bt(des) values (which were in the range 0.028–0.532) were con-
sistently lower than those of the bt(ads) parameter (0.231–6.765), except for both palm and
cactus fibers, suggesting the low reversibility of the bonds [95]. This fact complements
the information derived from Sips’s KS(des) values, which were typically lower than those
of KS(ads) (Table 2). Meanwhile, the qm values obtained from the Sips model (ranging
between 6.0 and 175.7 μmol kg−1) were consistent with those observed for the real des-
orption data (oscillating between 9.4 and 172.9 μmol kg−1) obtained in the current study
(Figure 4). In contrast, the qm values of the Langmuir model (oscillating between 178.1
and 443.2 μmol kg−1) were clearly higher than those observed for the real desorption data
(Table 4). In fact, a good fit was not found for this model, with R2 not exceeding values
of 0.745 in all cases (Table 4). In the same way, the desorption data did not fit either the
Freundlich model or the Linear model. Additional research in this field, as well as in other
related aspects of soil and environment sciences, would be a must for environmental and
public health protection, and also for promoting recycling, crop sustainability, and the
circular economy [96,97].

Further in-depth research is required to clarify the specific mechanisms involved
in both the MON adsorption and desorption processes on the studied sorbent materials.
This research is planned for the near future and will involve complementary analytical
techniques, such as FTIR analysis of samples before and after adsorption and desorption, as
well as other specialized analyses currently being refined and implemented. Additionally,
super-computational modeling will be employed to investigate the interactions between
the pollutants and the sorbents across a range of environmental conditions [51].
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5. Conclusions

Eucalyptus and acacia barks, along with alfa fiber, were the most efficient bio-adsorbents
among those tested in the current research for MON retention (with adsorption always
>76.6%). These three bio-adsorbents have the lowest pH values, as well as the highest
organic matter contents and eCEC scores, with higher levels of exchangeable Na and Ca
(and less exchangeable K and Mg). The Temkin model was the most appropriate for ex-
plaining MON adsorption onto the six bio-adsorbents (R2 ≥ 0.968), indicating the relevance
of chemisorption processes based on strong electrostatic interactions between positive and
negative charges. Furthermore, the good fit of the Langmuir model to the adsorption exper-
imental data (R2 ≥ 0.934) suggests the dominance of chemical and monolayer adsorption
on surfaces with finite, energetically equal sites, as evidenced by the significant decrease in
adsorption efficiency observed at higher MON concentrations added. The bio-adsorbents
that present the highest MON adsorption (the three barks and alfa fiber), desorb a low pro-
portion of the previously retained antibiotic, indicating a low reversibility for the process.
In relation to this, the values of the hysteresis index for these bio-adsorbents were clearly
lower than those obtained for the rest of the materials, with a greater tendency towards
desorption of the antibiotic by cactus and palm fibers. Valorizing both eucalyptus and
acacia barks, along with alfa fiber, would lead to a more efficient use of these by-products,
potentially offering environmental and economic benefits with regards to environmental
remediation in MON-polluted compartments. For the future, it would be interesting to
perform more in-depth studies, in a variety of experimental and environmental conditions,
focused on the removal of MON and other anticoccidials, as well as of other emerging pol-
lutants, using the low-cost bio-adsorbents here assessed, which could be raw or modified
when justified. This would be in line with the promotion of recycling and sustainability, as
well as with environmental and public health protection.
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Abstract: The global increase in antibiotics consumption has caused hazardous concentrations of
these antimicrobials to be present in soils, mainly due to the spreading of sewage sludge (or manure or
slurry) and wastewater, and they could enter the food chain, posing serious risks to the environment
and human health. One of these substances of concern is cefuroxime (CFX). To face antibiotics-related
environmental pollution, adsorption is one of the most widely used techniques, with cost-effective
and environmentally friendly byproducts being of clear interest to retain pollutants and increase the
adsorption capacity of soils. In light of this, in this work, three low-cost bioadsorbents (pine bark, oak
ash, and mussel shell) were added to different soil samples (at doses of 12 and 48 t/ha) to study their
effects on the adsorption of CFX. Specifically, batch experiments were carried out for mixtures of soils
and bioadsorbents, adding a range of different antibiotic concentrations at a fixed ionic strength. The
results showed that the addition of pine bark (with pH = 3.99) increased the adsorption to 100% in
most cases, while oak ash (pH = 11.31) and mussel shell (pH = 9.39) caused a clearly lower increase in
adsorption (which, in some cases, even decreased). The Freundlich and linear models showed rather
good adjustment to the experimental data when the bioadsorbents were added at both doses, while
the Langmuir model showed error values which were too high in many cases. Regarding desorption,
it was lower than 6% for the soils without bioadsorbents, and there was no desorption when the soils
received bioadsorbent amendments. These results show that the addition of appropriate low-cost
bioadsorbents to soils can be effective for adsorbing CFX, helping in the prevention of environmental
pollution due to this emerging contaminant, which is a result of clear relevance to environmental and
human health.

Keywords: adsorption; antibiotics; byproducts; desorption; soil

1. Introduction

Pharmaceuticals are broadly used worldwide, generating high concentrations of sub-
stances such as antibiotics in wastewaters, which can be released to different environmental
compartments [1]. The massive use of antibiotics has caused their widespread presence
in the environment, with derived pollution detected in soils, sediments, sludges, water,
plants, and aquatic animals [2,3]. The time required for the degradation of antibiotics in the
environment depends on many factors, such as the concentration and chemical structure of
the pollutant, as well as the characteristics of the affected soils or sediments (including the
humic acid content, humidity, pH, temperature, sorption capacity, presence of inorganic
matter, and availability of oxygen and microorganisms that support the biodegradation
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process) [4,5]. We note that between 20% and 97% of any dose of most antibiotics ad-
ministered to humans and animals is excreted as active substances [6,7]. Specifically, the
incomplete absorption of antibiotics by humans entails the discharge of large quantities
of these pharmaceuticals in municipal wastewater treatment plants (WWTPs) [1] which,
together with their inefficiency at removing antibiotics [8], is the main cause of this pollu-
tion problem. These WWTP coexist with and contact relevant amounts of microorganisms
and antibiotic residues for prolonged periods of time, triggering the additional problem of
increasing antibiotic resistance [9–11]. The increase in antibiotic-resistant bacteria (ARB) is
a major problem for public health due to the fact that infections caused by these resistant
microbes are difficult to treat, with COVID-19 deriving an additional rise in antibiotic
consumption [12], also affecting the general levels of antimicrobial resistance (AMR) [13].

The removal of antibiotics in WWTPs by means of conventional treatments is limited
to 50–80%, depending on the antibiotics’ physicochemical properties [14–16]. In this regard,
the antibiotic CFX has been detected in wastewater at μg/L and ng/L levels [17] as well as
in surface waters, with the highest concentration reaching 210 μg/L for wastewater from
the pharmaceutical industry and hospitals around the world [18,19]. A study carried out in
multiple urban wastewaters in Germany showed CFX concentrations up to 6196 ng/L and
1957 ng/L in influent and effluent samples, respectively [20].

The spreading of wastewater and sewage sludge is a potential way to introduce phar-
maceutical compounds into waterbodies and soils [21,22]. The use of reclaimed wastewater
for the irrigation of crops is an important source of ARB and antibiotic resistant genes
(ARGs) in agricultural soils [23]. Furthermore, it is quite common that annual fertiliza-
tion with repeated applications of inappropriate doses of sewage sludge is carried out to
provide soil nutrients and organic matter [24,25]. In Europe, for many years, more than
50% of produced sewage sludge is used in agriculture [26–29]. However, the application
of sewage sludge to soils may pose a problem for the environment, due to their contents
including a wide variety of toxic pollutants [29–32]. Furthermore, emerging pollutants
pose an important risk if they are transferred to groundwater because it is a source of
drinking water [33–35], and degradation will likely be extremely limited in these aquatic
systems [36,37].

Antibiotic residues have different persistence times and transport types in agricultural
soils, affected by factors such as adsorption, degradation, and lixiviation [38,39]. Their
dissipation rates, expressed as half-lives, can range from 18.6 to 21.3 days for sulfonamide
antibiotics, whereas for tetracyclines, they can be up to 1–2 months, and for enrofloxacin,
they can be approximately 7–8 months [40]. Conde-Cid et al. [41] observed no degradation
for three sulfonamides in the dark, while under simulated sunlight, after 2 h of exposure,
sulfachloropyridazine and sulfadiazine degraded by 90%, and sulfamethazine degraded
by 80% after 8 h. Rodríguez-López et al. [42] studied the degradation of clarithromycin,
ciprofloxacin, and trimethoprim under different conditions, observing that after 1 h of
exposure to light radiation, 85% of the ciprofloxacin degraded. They also reported that
claritromycin degradation was pH-dependent, obtaining the highest degradation percent-
age (30%) at pH = 4, whereas trimethoprim reached less than 5%. A study carried out
in Chinas’s Xuanwu Lake found four cephalosporins degraded abiotically in the surface
water in the dark, with half-lives between 2.7 and 18.7 days, while the time decreased by
up to 2.2–5 days under exposure to simulated sunlight [43].

Adsorption is widely used to remove antibiotics due to its simple design and because
it is environmentally friendly, economic, and versatile [44]. Its efficiency depends on the
type of adsorbent, adsorbate properties, and waste stream (in the case of waste liquids)
composition [45,46]. Depending on the pH of the medium and the pKa of the pollutant,
sorption is also affected by the charges of the molecular forms of the sorbates, (i.e., neutral,
cationic, anionic, or zwitterionic) [47]. Furthermore, developing cost-effective and envi-
ronmentally friendly treatment techniques for the remediation of specific contaminants
(such as antibiotics) present in soils is imperative [48,49]. The need to deal with agricultural
and industrial wastes or byproducts has drawn additional attention to the adsorption field,
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due to the eco-friendly approach and advantages of using these materials, such as their
easy access, high availability, and low cost compared with synthetic or other high-cost
materials [50]. Some examples were shown by Ahmed et al. [51], whereas other specific
previous studies showed that the addition of pine bark to soils increased the retention
of three sulfonamides [52]. Also, in a previous work, we studied the effectiveness of the
byproducts pine bark, oak ash, and mussel shell as bioadsorbents for the antibiotics amoxi-
cillin, ciprofloxacin, and trimethoprim, with good results [53], and other studies focused on
the retention of CFX in soils [54] and onto the same byproducts [55], although no research
was performed dealing with the retention or release of CFX on or from soils amended with
these sorbents.

In light of the above background, the objective of this work was to characterize the
potential of three bioadsorbents (pine bark, oak ash, and mussel shell) to retain or remove
the antibiotic cefuroxime (CFX) after the amendment of six different soils at two doses
(12 and 48 t/ha). The results of the investigation could be of relevance regarding the
management of soils contaminated with this emerging pollutant as well as the recycling of
byproducts, potentially facilitating sustainability and a circular economy.

2. Materials and Methods

2.1. Soils and Bioadsorbents

To carry out this research, six different soil samples were selected, with all of them
coming from different agricultural areas in Galicia (northwest Spain). These soils are
devoted to vineyards (named VP1, VP2, and VO), and corn production (denoted as C1, C2,
and C3). In a previous work [54], we studied CFX adsorption onto 23 different soils, and
we selected among them the 6 soils with the lowest CFX adsorption capacities for use in
the current research. The selected soils were amended with various bioadsorbents to assess
the eventual modification of CFX adsorption onto these soils. The methods used for their
characterization are presented in the Supplementary Materials, with the results shown in
Table S1.

Three byproducts were used as bioadsorbents, with two of them coming from the
forestry industry—pine bark, provided by Geolia (Madrid, Spain), and oak ash from a
combustion boiler in Lugo (Spain)—while the third one was from the canning industry:
mussel shell, provided by Abonomar S.L (Pontevedra, Spain).

Table 1 shows the results corresponding to the characterization of different parameters
for the three bioadsorbents. The pH values were determined using a soil-to-liquid ratio
of 1:2.5. The contact time for the pH in water was 10 min, while for the pH in KCl, it was
2 h [55]. The measurements were made with a CRISON pH meter, model 2001 (Crison,
Barcelona, Spain). The available phosphorous was determined by the Olsen method [56]. To
carry out this method, 2.5 grams of bioadsorbent was weighted, and 50 mL of the extracting
solution (sodium bicarbonate at pH = 8.5) was added. This mixture was subjected to shaking
for 30 min before utilizing visible spectophotometry for P quantification. Determination
of the total C and N was carried out using an elemental analysis method with a LECO
TRUSPEC CHNS instrument (Leco, St. Joseph, MI, USA). The exchangeable cations (Cae,
Mge, Nae, Ke, and Ale) were displaced using a 1 M NH4Cl solution in a 1:10 sorbent:solution
ratio, with subsequent quantification by means of atomic absorption spectrophotometry
using a Perkin Elemer AAnalyst 200 apparatus (Perkin Elmer, Waltham, MA, USA). The
total contents of the elements analyzed were determined through the EPA 3051 method
using acid digestion with a 65% HNO3 solution. The measurements were performed by
means of an ICP-MS (Perkin-Elmer, USA). To determine the total non-crystalline Fe and Al
contents, a specific type of extraction was performed using ammonium oxalate buffered at
a pH level of 3, followed by stirring for 4 h in the dark, adding 5 drops of 0.25% superfloc
to the resulting extract, centrifuging at 2000 rpm for 10 min, and filtering and diluting the
supernatant to a 1:5 ratio. Finally, Fe and Al in non-crystalline form (Feo and Alo) were
quantified with atomic absorption spectrophotometry (Perkin-Elmer, USA).
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Table 1. Characteristics of the bioadsorbent materials. Cae, Mge, Nae, Ke, and Ale = elements in
the exchange complex; Sat. Al = Al saturation in the exchange complex; eCEC = effective cation
exchange capacity; XT = total content of the element (X); and Alo and Feo = non-crystalline Al and
Fe, respectively. Average values (n = 3) with coefficients of variation always <5%.

Parameter Unit Pine Bark Oak Ash Mussel Shell

C % 48.70 13.23 11.43
N % 0.08 0.22 0.21

C/N 608.75 60.14 55.65
pHwater 3.99 11.31 9.39
pHKCl 3.42 13.48 9.04

Cae cmolc kg−1 5.38 95.0 24.75
Mge cmolc kg−1 2.70 3.26 0.72
Nae cmolc kg−1 0.46 12.17 4.37
Ke cmolc kg−1 4.60 250.65 0.38
Ale cmolc kg−1 1.78 0.07 0.03

eCEC cmolc kg−1 14.92 361.15 30.25
Sat Al % 11.93 0.02 0.10

Available P mg kg−1 70.45 462.83 54.17
NaT mg kg−1 68.92 2950 5174.00
MgT mg/kg 473.55 26,171 980.66
AlT mg kg−1 561.50 14,966 433.24
KT mg kg−1 737.84 99,515 202.07
CaT mg kg−1 2318.81 136,044 280,168
CrT mg kg−1 1.88 36.28 4.51
MnT mg kg−1 30.19 10554 33.75
FeT mg kg−1 169.78 12,081 3535
CoT mg kg−1 0.20 17.25 1.02
NiT mg kg−1 1.86 69.25 8.16
CuT mg kg−1 <LD 146.33 6.72
ZnT mg kg−1 6.98 853.00 7.66
AsT mg kg−1 <LD 8.36 1.12
CdT mg kg−1 0.13 19.93 0.07
Alo mg kg−1 315.0 8323 178.33
Feo mg kg−1 74.0 4233 171.0

Other details related to additional previously published characteristics are provided
in the Supplementary Materials.

These bioadsorbents were added to soil samples in doses of 12 and 48 t/ha. The
mixtures reached the pH values that are shown in Table S2 (Supplementary Materials).

2.2. Chemicals and Reagents

The antibiotic cefuroxime (CFX) was provided by Sigma Aldrich (Barcelona, Spain)
and was of >95% purity. Phosphoric acid (85% extra pure) was supplied by Acros Organics
(Barcelona, Spain), acetonitrile (purity ≥ 99.9%) was supplied by Fisher Scientific (Madrid,
Spain), and CaCl2 (95% purity) was supplied by Panreac (Barcelona, Spain). All of the
reagents needed for the quantification of antibiotics were of HPLC grade.

2.3. Adsorption and Desorption Experiments

Batch experiments were carried out to study the adsorption capacity of the mixtures of
soil and bioadsorbents. To accomplish this, 5 mL of a 0.005 M CaCl2 solution (which served
as the background electrolyte to maintain a constant ionic strength) received the appropriate
amount of antibiotics to achieve different specific CFX concentrations (0, 2.5, 5, 10, 20, 30,
40, and 50 μmol/L). Then, each of these solutions was added to 2 g of the corresponding
mixtures of soil and bioadsorbent. Afterward, the samples were subjected to shaking for
48 h and centrifugated at 4000 rpm for 15 min, with the resulting supernatants being passed
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through 0.45 μm nylon-type syringe filters. Previous kinetic studies demonstrated that 48 h
is enough time to reach equilibrium.

Quantification of the antibiotic concentrations was performed using HPLC equipment,
with all the details provided in the Supplementary Materials.

Figure S1 shows some select chromatograms corresponding to the quantification
of CFX.

After the adsorption phase, the desorption experiments were carried out. For this,
5 mL of CaCl2 was added to the remaining post-adsorption materials. The samples were
shaken for 48 h, centrifugated, filtered, and analyzed in the same conditions as those during
the adsorption process.

2.4. Modeling and Statistics

The experimental adsorption data were fitted to the Freundlich (Equation (1)), Lang-
muir (Equation (2)), and linear (Equation (3)) models [57]:

qe = KFCeqn (1)

qe =
qmKLCeq

1 + KLCeq
(2)

Kd = qe/Ceq (3)

where qe is the amount of CFX retained (concentration added minus concentration in the
equilibrium); Ceq is the CFX concentration in equilibrium; KF is the Freundlich adsorption
capacity parameter; n is a parameter related to heterogeneity in adsorption; KL is the
Langmuir adsorption constant; qm is the Langmuir maximum adsorption capacity; and Kd
is the linear model’s partition coefficient.

All of the experimental determinations were made in triplicate.
The fitting of the experimental data to the Langmuir, Freundlich, and linear models

was performed by means of SPSS Statistics 21 software.
The studies carried out for this research can be seen as the first steps within an overall

broader strategy which will need further future works to be completed, both with classic
and new scientific tools [58,59].

3. Results and Discussion

3.1. CFX Adsorption

Figures 1 and 2 show the adsorption curves corresponding to the different soils
amended with doses of 12 and 48 t/ha of each of the three bioadsorbents.

Both figures show that, overall, mussel shell (pH = 9.39) was the sorbent with the
greatest positive effect on the increase in CFX adsorption for any of the soils receiving both
doses of the amendments. In fact, with this byproduct, the concentrations in the antibiotic’s
equilibrium (expressed in μmol/L) were the lowest, being associated with the highest
adsorption levels (expressed in μmol/kg). In contrast, pine bark (pH = 3.99) showed the
weakest effects as an amendment intended to increase CFX adsorption for the soils treated
with the three byproducts.

Compared with previous studies [54,60] focused on retention of the same antibiotic
on equivalent soils and byproducts but performed for soils and sorbents separately (not
mixing the soils and sorbents, which was performed for the first time in the present study),
the following comments can be presented. Regarding the adsorption of CFX onto the
bioadsorbents (without soil), based on a previous publication by Cela-Dablanca et al. [60],
the influence of the pH level was confirmed, with oak ash (pH = 11.31) showing the
highest adsorption values (927.95 μmol/kg when a concentration of 50 μmol/L was added),
followed by mussel shell (pH = 9.39), with maximum adsorption of 721.65 μmol/kg when a
concentration of 50 μmol/L was added, and finally pine bark (pH = 3.99), which presented
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the lowest adsorption (551.62 μmol kg−1 when a concentration of 50 μmol/L was added).
Furthermore, in another previous study [54] focused on CFX adsorption by soils (without
bioadsorbents) with different pH values, the authors confirmed that soils with an alkaline
pH presented the highest CFX adsorption, with scores oscillating between 74.86 μmol kg−1

(for soil with pH = 5.7) and 123.88 μmol/kg (for soil with pH = 8.02).

 

Figure 1. Adsorption curves for CFX corresponding to soils without and with bioadsorbents
(amended with a dose of 12 t/ha). Average values (n = 3) are with coefficients of variation al-
ways lower than 5%. Bars indicate standard deviation. C = corn soils; VO and VP = vineyard soils;
A = oak ash; MS = mussel shell; and PB = pine bark.

Figures 3 and 4 show the CFX adsorption (as a percentage) for the different antibiotic
concentrations added to the soils (2.5–50 μmol/L) without and with the amendment of
the three bioadsorbents, which were applied in doses of 12 t/ha (Figure 3) and 48 t/ha
(Figure 4).

As shown in Figure 3, when the bioadsorbents were added to soils at a dose of 12 t/ha,
the behaviors were different as a function of the byproduct used. Specifically, the addition
of mussel shell and oak ash generated an increase in CFX adsorption, reaching values of
100% retention in most cases. However, when pine bark was added to soils, the adsorption
increase was significantly lower, and adsorption even decreased in some cases.
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Figure 2. Adsorption curves for CFX corresponding to soils without and with bioadsorbents
(amended at a dose of 48 t/ha). Average values (n = 3) are with coefficients of variation always lower
than 5%. Bars indicate standard deviation. C = corn soils; VO and VP = vineyard soils; A = oak ash;
MS = mussel shell; and PB = pine bark.

Despite this, in a previous work carried out for other antibiotics (three sulfonamides),
Conde-Cid et al. [52] found that adding pine bark to soils increased the adsorption capacity
to 99.6%. Once again, it should be noted that mussel shell and oak ash present alkaline
pH values (9.39 and 11.31, respectively), while pine bark has a pH level of 3.99. This
would suggest that CFX adsorption is pH-dependent. These results were confirmed by the
abovementioned previous studies performed separately for soils and bioadsorbents [54,60].
We note that the dissociation constant (pKa) is a parameter having marked relevance
regarding the environmental fate of organic compounds [4]. In this sense, the pH level
affects the behavior of antibiotics when they are cationic, anionic, or neutral molecules, and
it also affects the activity of functional groups in a solution [61]. According to El-Shaboury
et al. [62], Lin et al. [63], and Ribeiro and Schmidt [64], cephalosporin structures generally
have two or more ionization centers. In the case of CFX, the dissociation constants are
pka1 = 3.15 and pka2 = 10.97 [64]. At pH values below 3.15, CFX will be in its cationic form,
and above pH 10.97, it will be in its anionic form. In the pH range 3.15–10.97 (in which
our samples were placed), CFX would be zwitterionic. In this case, the positive charges of
the antibiotic (NH4

+) will bind to the negative charges of the sorbents due to electrostatic
interactions, while the negative charges of CFX (COO−) could make use of a cationic bridge
with negative charges present on the surface of the sorbent materials [65]. Calcium was the
predominant cation in most samples used in this study, and it would be the most probable
binding element acting as a cationic bridge between the adsorbents and the adsorbate.
Soils amended with the bioadsorbents used here generally reach a pH level above 5.5, with
the highest values corresponding to amendments with mussel shell and the lowest ones
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associated with pine bark (which has a pH lower than that of the used soils), particularly
for those at doses of 48 t/ha (Table S2, Supplementary Materials). The variable charge
components of the soils used in this study (mainly kaolinite, non-crystalline Al and Fe
minerals, and organic matter) and non-crystalline minerals of the bioadsorbents (extremely
abundant in the case of oak ash) would exhibit a negative charge at these pH values. This
negative charge in the soil and bioadsorbent mixture would be greater for higher pH levels
(soil with mussel shell and soil with oak ash), favoring electrostatic interactions between
these negative charges and the positively charged groups of CFX, or through cationic
bridges with the anionic groups of this antibiotic [65]. In contrast, the soils amended with
pine bark showed lower CFX adsorption since the pH level was lower than those of the
other mixtures, as the high amount of organic matter they provided would present few
negative charges. Additionally, pine bark had a lower content of non-crystalline minerals,
which provide a negative charge at pH > 6, and a lower Ca content to establish cationic
bridges between CFX and the soils amended with this byproduct. All of this would explain
why this bioadsorbent was less effective in CFX retention than the other two. Furthermore,
in acidic conditions, free H+ in the medium could contribute to the formation of hydrogen
bonds between the adsorbent’s surface and the antibiotic [66].

 

Figure 3. Adsorption of CFX (as a percentage) by soils without and with bioadsorbents amended
at a dose of 12 t/ha as a function of the concentration of antibiotics added. Average values (n = 3)
are with coefficients of variation always lower than 5%. C = corn soils; VO and VP = vineyard soils;
A = oak ash; MS = mussel shell; and PB = pine bark.
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Figure 4 shows the CFX adsorption by soils without bioadsorbents and amended with
the three bioadsorbents at a dose of 48 t/ha.

 

Figure 4. Adsorption of CFX (as a percentage) by soils without and with bioadsorbents amended
at a dose of 48 t/ha as a function of the concentration of antibiotics added. Average values (n = 3)
are with coefficients of variation always lower than 5%. C = corn soils; VO and VP = vineyard soils.
A = oak ash; MS = mussel shell; and PB = pine bark.

The data obtained corresponding to the addition of the bioadsorbents to the six soils at
a dose of 48 t/ha (Figure 4) confirmed an equivalent behavior to that found for the dose of
12 t/ha. The addition of bioadsorbents with alkaline pH levels (oak ash and mussel shell)
was associated with the highest increase in adsorption, while the addition of pine bark (with
an acidic pH) caused a lower increase (and decreased adsorption in several cases). These
results would confirm that CFX adsorption onto these sorbents depends on the pH level. In
this regard, a previous study dealing with the adsorption of one cephalosporin (cefixime) by
a porous, aluminum-based metal–organic framework-aminoclay nanocomposite reported
an increase in antibiotic adsorption when the pH oscillated from 3 to 7, obtaining the
maximum adsorption at a pH level of seven [67]. To further evidence the potential relation,
statistical analyses were performed, obtaining a significant and positive correlation between
adsorption and pH (r = 0.440, p < 0.05). In a previous study in which the adsorption of
amoxicillin by mixtures equivalent to those used here was studied, it was observed that the
organic matter content also influenced the adsorption of the antibiotic [68]. Furthermore,
previous studies focused on CFX adsorption for soils varying within a wide range of pH
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level (4.62–8.02) and organic matter contents (1.09–16.87), showing a clear influence of
these two parameters on retention of the antibiotic [54]. However, in the current research,
all soil samples had a moderate organic matter content, with the pH level being the most
influential characteristic affecting CFX adsorption for the mixtures of soil and bioadsorbent.
In addition to the pH level, other properties of the bioadsorbent materials, such as the
higher exchangeable Ca content in mussel shell and oak ash and the non-crystalline Al
and Fe contents in oak ash, would contribute to explaining the higher increase in CFX
adsorption caused by these two materials compared with pine bark [60].

3.2. Adsorption Isotherms for Soils and Mixtures of Soil and Bioadsorbents

The fitting of the experimental adsorption results to adsorption equations was eval-
uated for the Freundlich, Langmuir, and linear models. Table 2 shows the results of the
parameters of the adjustments, considering soils without and with bioadsorbents added at
a dose of 12 t/ha.

Table 2. Parameters of adsorption isotherms for cefuroxime in soils without and with bioadsorbents
at a dose of 12 t/ha (KF expressed in Ln kg−1 μmol1−n; n = dimensionless; KL expressed in L μmol−1;
qm expressed in μmol kg−1 Kd expressed in L kg−1; - = error value too high for fitting). C = corn
soils; VO and VP = vineyard soils; A = oak ash; MS = mussel shell; and PB = pine bark.

Freundlich Langmuir Linear Model

Sample KF Error n Error R2 KL Error qm Error R2 Kd Error R2

VP1 10.877 3.319 0.458 0.104 0.895 0.15 0.095 58.473 11.744 0.876 2.018 0.266 0.693
VP1-A 22.781 17.403 1.345 0.826 0.661 - - - - - 30.783 5.082 0.648
VP1-MS 41.676 3.52 1.483 0.142 0.982 - - - - - 52.343 3.516 0.932
VP1-PB 22.04 10.863 0.308 0.195 0.49 - - 65.554 20.877 0.608 - - -
VP2 6.365 3.11 0.815 0.18 0.907 - - 225.213 188.987 0.912 3.838 0.323 0.892
VP2-A 120.162 2.58 0.909 0.048 0.996 0.129 0.118 1053.162 875.508 0.995 122.871 2.444 0.994
VP2-MS 122.858 12.836 0.959 0.235 0.916 - - - - - 124.267 9.223 0.916
VP2-PB 10.765 1.548 0.499 0.049 0.98 0.13 0.03 67.645 5.521 0.983 2.345 0.241 0.811
C1 5.135 0.958 0.881 0.068 0.988 0.013 0.008 341.167 174.058 0.989 3.699 0.122 0.983
C1-A 137.408 7.386 0.52 0.054 0.979 2.742 0.896 174.487 24.936 0.973 169.606 18.516 0.824
C1-MS 122.905 14.431 0.329 0.126 0.904 - - 211.46 172.105 0.848 169.582 18.416 0.826
C1-PB - - - - - - - - - - 9.249 1.523 0.671
VO 21.681 4.085 0.685 0.096 0.948 0.113 0.037 193.42 37.656 0.975 11.48 1.085 0.863
VO-A 52.829 16.977 - - 0.359 - - - - - 43.309 11.013 0.314
VO-MS 33.059 15.12 0.979 0.456 0.823 - - - - - 32.377 3.568 0.823
VO-PB - - 1.285 0.754 0.495 - - - - - 7.981 1.72 0.487
C2 22.027 11.843 0.410 0.225 0.57 - - 80.688 28.959 0.6 4.735 1.169 0.328
C2-A 132.409 31.22 0.511 0.408 0.77 - - - - - 161.564 22 0.727
C2-MS 131.114 11.877 0.490 0.104 0.94 3.548 1.866 153.98 29.786 0.94 160.503 18.222 0.807
C2-PB - - 1.324 0.65 0.671 - - - - - 7.276 1.218 0.655
C3 3.219 0.817 0.985 0.088 0.985 - - - - - 3.084 0.095 0.985
C3-A - - - - - - - - - - - - -
C3-MS - - - - - - - - - - - - -
C3-PB 37.349 18.209 0.330 0.258 0.661 - - 83.349 29.002 0.624 9.619 1.828 0.517

The results indicate that when the bioadsorbents were added at a dose of 12 t/ha, the
Freundlich model showed the best adjustment, because 45% of the samples obtained an R2

value > 0.9, whereas in the case of the Langmuir and linear models, the values decreased to
25% and 20%, respectively.

The Freundlich affinity coefficient (KF) values ranged between 2.396 and
137.408 Ln kg−1 μmol1−n, while the n values oscillated between 0.308 and 1.693. Some
authors postulated that when n < 1, adsorption is carried out in a heterogeneous matrix,
with the highest energy sites being occupied first [69]. Meanwhile, when n > 1, a deviation
from the Freundlich equation would occur, such as the eventual existence of irreversible re-
actions like precipitation [70] or cooperative adsorption [71]. The values of the distribution
constant of the linear model (Kd) ranged between 2.018 and 169.606 L kg−1, whereas those
of the Langmuir adsorption constant (KL) were between 0.013 and 3.548 L μmol−1.
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Table 3 shows the results of the parameters of the adjustments to the adsorption
models considering soils without and with bioadsorbents added at a dose of 48 t/ha. In
this case, 62.5% of the samples obtained an R2 value >0.9 when adjusted to the Langmuir
model. This percentage decreased to 54% and 25% when adjusted to the Freundlich and
linear models, respectively (Table 3). In this regard, Jafari et al. [72] studied the adsorption
of two cephalosporins (cephalexin and cefixime) onto multi-walled carbon nanotubes and
obtained a better adjustment to the Freundlich model for the adsorption of cefixime, while
cephalexin adsorption fit better to the Langmuir equation.

Table 3. Parameters of adsorption isotherms for cefuroxime in soils without and with bioadsorbents
at a dose of 48 t/ha (KF expressed in Ln kg−1 μmol1−n; n = dimensionless; KL expressed in L μmol−1;
qm expressed in μmol kg−1 Kd expressed in L kg−1; - = error value too high for fitting). C = corn
soils; VO and VP = vineyard soils; A = oak ash; MS = mussel shell; and PB = pine bark.

Freundlich Langmuir Linear Model

KF Error n Error R2 KL Error qm Error R2 Kd Error R2

VP1 10.877 3.319 0.458 0.104 0.895 0.150 0.095 58.473 11.744 0.876 2.018 0.266 0.693
VP1-A 148.757 10.363 0.714 0.094 0.979 0.848 0.567 308.951 140.343 0.972 174.349 9.055 0.958
VP1-MS 129.954 8.905 0.592 0.102 0.973 1.635 1.073 200.034 63.88 0.961 149.227 11.307 0.933
VP1-PB 14.658 4.505 0.455 0.112 0.879 0.157 0.071 76.091 12.693 0.918 2.922 0.463 0.606
VP2 6.365 3.11 0.815 0.18 0.907 - - - - - 3.838 0.323 0.892
VP2-A - - - - - - - - - - - - -
VP2-MS - - - - - - - - - - - - -
VP2-PB 13.248 2.902 0.473 0.078 0.947 0.169 0.056 70.367 7.659 0.962 2.79 0.334 0.754
C1 5.133 0.958 0.881 0.068 0.988 0.013 0.008 341.167 174.058 0.989 3.699 0.122 0.983
C1-A 140.678 12.98 0.511 0.091 0.951 3.499 1.444 161.637 27.525 0.949 183.897 20.641 0.814
C1-MS 112.159 8.731 0.414 0.107 0.935 2.905 1.403 151.631 26.71 0.935 116.45 15.809 0.737
C1-PB 5.254 1.399 0.691 0.088 0.972 0.023 0.015 134.903 61.572 0.961 2.036 0.121 0.937
VO 21.681 4.085 0.685 0.096 0.948 0.113 0.037 193.42 37.656 0.975 11.48 1.085 0.863
VO-A 22.164 5.979 0.550 0.123 0.887 0.169 0.089 128.494 30.869 0.909 7.728 1.082 0.71
VO-MS 23.636 6.952 0.591 0.147 0.918 - - 162.823 89.866 0.9 10.285 0.928 0.872
VO-PB 8.756 1.668 0.764 0.073 0.986 0.018 0.016 326.384 235.677 0.976 4.728 0.196 0.971
C2 22.027 11.843 0.41 0.225 0.57 - - 80.688 28.959 0.6 4.735 1.169 0.328
C2-A - - - - - - - - - - - - -
C2-MS 53.205 27.298 - - 0.402 - - - - - 571.086 153.561 0.229
C2-PB 18.948 5.349 0.361 0.104 0.84 0.261 0.107 67.821 8.438 0.93 2.675 0.593 0.304
C3 3.219 0.817 0.985 0.088 0.985 - - - - - 3.084 0.095 0.985
C3-A - - - - - - - - - - - - -
C3-MS - - - - - - - - - - - - -
C3-PB 26.541 5.886 0.544 0.112 0.94 0.158 0.085 150.68 40.312 0.944 10.352 1.104 0.824

The values of the KF parameter ranged between 3.219 and 148.757 Ln kg−1 μmol1−n.
These scores are similar to those previously obtained for another antibiotic (amoxicillin)
in equivalent soil-bioadsorbent mixtures [68]. Focusing on the data, the KF values were
significantly higher when mussel shell or oak ash was added, indicating stronger adsorption
when the soils were amended with these alkaline adsorbents. Regarding Freundlich’s n
values, they were lower than one in all cases, suggesting the presence of heterogeneous
adsorption sites and a nonlinear and concave curve, which was frequently interpreted. This
suggests that the sites with high adsorption energy are occupied first, indicating chemical
adsorption [71,73]. The Kd values ranged between 2.018 and 571.086 L μmol−1, while the
Langmuir adsorption constant (KL) ranged between 0.013 and 10.917 L kg−1. These values
are lower than those previously obtained for amoxicillin in equivalent mixtures [68].

3.3. Comparison with Previously Studied Bioadsorbents

Other authors previously studied the capacity of different bioadsorbents to retain
or remove CFX. Awwad et al. [74] used activated carbon and a micelle-clay complex to
retain this antibiotic, achieving adsorption values of 26.31 mg g−1 and 31.25 mg g−1, respec-
tively, for a CFX-added concentration of 20 mg L−1. Ma et al. [75] studied CFX adsorption
with a cationic Entermorpha prolifera polysaccharide-based hydrogel, obtaining adsorptions
of 5 mg g−1 for a concentration of 50 mg L−1 and 25–30 mg g−1 for a concentration of
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400 mg L−1. In addition, different bioadsorbents have been previously studied regarding
their adsorption of other antibiotics of the cephalosporins group. Among them, biochar de-
rived from fiber residues of palm oil were used to remove cephalexin, obtaining adsorption
values of 57.47 mg g−1 [76]. Cephalexin adsorption was also studied for natural zeolite
and zeolite coated with manganese oxide nanoparticles, reaching adsorption values of 16.1
and 24.5 mg g−1, respectively [77]. When comparing these results with the data obtained
in the current study, the bioadsorbents used here showed lower adsorption capacities in
the specific experimental conditions of the present research (which are not identical to
those of the other investigations). However, expressed as a percentage, adsorption was
above 80% for the mussel shell and oak ash in most cases. We note that the adsorbent
materials evaluated in the referred previous research are not low-cost materials. In light
of this, in case of requiring better adsorption performance associated with the low-cost
byproducts employed here, one might suggest assessing the effect of carrying out different
chemical modifications in this regard. Table 4 shows the results corresponding to each of
the compared bioadsorbents.

Table 4. Comparison of antibiotics’ adsorption capacities for various bioadsorbents.

Bioadsorbent Antibiotic
Initial

Concentration
Adsorption (mg g−1) Reference

Activated carbon Cefuroxime 20 mg L−1 26.31 Awwad et al., 2015 [74]

Micelle-clay complex Cefuroxime 20 ppm 31.25 Awwad et al., 2015 [74]

Entermorpha prolifera
polysaccharide-based hydrogel Cefuroxime 50 mg L−1 5 Ma et al., 2022 [75]

Entermorpha prolifera
polysaccharide-based hydrogel Cefuroxime 400 mg L−1 25–30 Ma et al., 2022 [75]

Fiber residues of palm oil Cephalexin 20 mg L−1 57.47 Acelas et al., 2021 [76]

Natural zeolite Cephalexin 10 mg L−1 16.1 Samarghandi, 2015 [77]

MnO zeolite Cephalexin 10 mg L−1 24.5 Samarghandi, 2015 [77]

Pine bark Cefuroxime 21 mg L−1 0.037 This study

Mussel shell Cefuroxime 21 mg L−1 0.052 This study

Oak ash Cefuroxime 21 mg L−1 0.052 This study

3.4. Desorption

Desorption was always lower than 10% for the soils without bioadsorbents and
decreased to 0% when the bioadsorbents were added, indicating strong retention. Similar
results were previously obtained for amoxicillin in equivalent mixtures, where desorption
decreased from 17% to 6% after adding bioadsorbent amendments to the soils [68].

4. Conclusions

The two bioadsorbents we investigated which had alkaline pH levels (mussel shell
and oak ash) were highly effective at increasing CFX adsorption after being applied to the
studied soils, resulting in strong and practically irreversible retention. The bioadsorbent
amendment at 12 t/ha was sufficient to achieve these effects and did not require higher
doses. In contrast, the bioadsorbent having an acidic pH, pine bark, was less effective,
in some cases (high CFX concentrations and a dose of 48 t/ha of the bioadsorbent) even
causing a decrease in CFX adsorption compared with the unamended soil. These facts
suggest that among the different characteristics of the soils and bioadsorbents studied
here, the pH level would be the one with the highest influence on adsorption of the
antibiotic CFX. These results could be useful to manage soils and other environmental
compartments affected by pollution episodes due to the antibiotic CFX, which can clearly
be seen as relevant. For future research, it would be interesting to carry out equivalent

38



Processes 2024, 12, 1335

experiments focusing on the efficacy of the bioadsorbents studied here and other low-cost
bioadsorbents to retain combinations of different antibiotics simultaneously present in the
medium. In addition, complementary studies to shed further light on the retention and
release mechanisms would be of relevance, as well as investigating low-cost procedures to
increase the efficacy of raw adsorbents in cases where they would be needed.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/pr12071335/s1. Table S1: Values corresponding to the basic
parameters determined in the soils. C = corn soils; VO = vineyard soils (Ourense province); and
VP = vineyard soils (Pontevedra province). Average values (n = 3) with coefficients of variation
always <5%. Table S2: pH values of soils amended with the bio-adsorbents in doses of 12 and 48 t/ha.
C = corn soils; VO = vineyard soils (Ourense province); VP = vineyard soils (Pontevedra province);
A = ash; MS = mussel shell; and PB = pine bark. Figure S1: Example chromatograms corresponding
to CFX adsorption onto soils amended with bio-adsorbents.
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47. Schmidtová, Z.; Kodešová, R.; Grabicová, K.; Kočárek, M.; Fér, M.; Švecová, H.; Klement, A.; Nikodem, A.; Grabic, R. Competitive
and synergic sorption of carbamazepine, citalopram, clindamycin, fexofenadine, irbesartan and sulfamethoxazole in seven soils.
J. Contam. Hydrol. 2020, 234, 103680–103692. [CrossRef] [PubMed]

48. Jiang, C.; Cai, H.; Chen, L.; Chen, L.; Cai, T. Effect of forestry-waste biochars on adsorption of Pb(II) and antibiotic florfenicol in
red soil. Environ. Sci. Pollut. Res. 2017, 24, 3861–3871. [CrossRef]

49. Nkoh, J.N.; Oderinde, O.; Etafo, N.O.; Kifle, G.A.; Okeke, E.S.; Ejeromedoghene, O.; Mgbechidinma, C.L.; Oke, E.A.; Raheem,
S.A.; Bakare, O.C.; et al. Recent perspective of antibiotics remediation: A review of the principles, mechanisms, and chemistry
controlling remediation from aqueous media. Sci. Total Environ. 2023, 881, 163469. [CrossRef]

50. Juela, D. Promising adsorptive materials derived from agricultural and industrial wastes for antibiotic removal: A comprehensive
review. Sep. Purif. Technol. 2022, 284. [CrossRef]

51. Ahmed, M.; Mavukkandy, M.O.; Giwa, A.; Elektorowicz, M.; Katsou, E.; Khelifi, O.; Naddeo, V.; Hasan, S.W. Recent developments
in hazardous pollutants removal from wastewater and water reuse within a circular economy. NPJ Clean Water 2022, 5, 12.
[CrossRef]

52. Conde-Cid, M.; Fernández-Calviño, D.; Fernández-Sanjurjo, M.J.; Núñez-Delgado, A.; Álvarez-Rodríguez, E.; Arias-Estévez, M.
Effects of pine bark amendment on the transport of sulfonamide antibiotics in soils. Chemosphere 2020, 248, 126041. [CrossRef]

53. Míguez-González, A.; Cela-Dablanca, R.; Barreiro, A.; Rodríguez-López, L.; Rodríguez-Seijo, A.; Arias-Estévez, M.; Núñez-
Delgado, A.; Fernández-Sanjurjo, M.J.; Castillo-Ramos, V.; Álvarez-Rodríguez, E. Adsorption of antibiotics on bio-adsorbents
derived from the forestry and agro-food industries. Environ. Res. 2023, 233, 116360. [CrossRef]

54. Cela-Dablanca, R.; Nebot, C.; Rodríguez-López, L.; Fernández-Calviño, D.; Arias-Estévez, M.; Núñez-Delgado, A.; Álvarez-
Rodríguez, E.; Fernández-Sanjurjo, M.J. Retention of the Antibiotic Cefuroxime onto Agricultural and Forest Soils. Appl. Sci. 2021,
11, 4663. [CrossRef]

55. Guitián, F.; Carballas, T. Técnicas de Análise de Solos (Soil Analysis Techniques); Editorial Pico Sacro: Santiago de Compostela, Spain,
1976.

56. Olsen, S.R.; Sommers, L.E. Phosphorus. In Methods of Soil Analysis: Part 2 Chemical and Microbiological Properties; Page, A.L., Miller,
R.H., Keeney, D.R., Eds.; SSSA, Inc.: Madinson, WI, USA, 1982.

57. Ayawei, N.; Ebelegi, A.N.; Wankasi, D. Modelling and Interpretation of Adsorption Isotherms. J. Chem. 2017, 2017, 11–23.
[CrossRef]

58. Núñez-Delgado, A. Research on environmental aspects of retention/release of pollutants in soils and sorbents. What should be
next? Environ. Res. 2024, 251, 118593. [CrossRef]

59. Núñez-Delgado, A. Avoiding basic mistakes when programming the use of artificial intelligence in soil and environmental
science research. Sci. Total Environ. 2024, 934, 173310. [CrossRef] [PubMed]

60. Cela-Dablanca, R.; Nebot, C.; Rodríguez-López, L.; Fernández-Calviño, D.; Arias-Estévez, M.; Núñez-Delgado, A.; Fernández-
Sanjurjo, M.J.; Álvarez-Rodríguez, E. Efficacy of Different Waste and By-Products from Forest and Food Industries in the
Removal/Retention of the Antibiotic Cefuroxime. Processes 2021, 9, 1151. [CrossRef]
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Abstract: A combined dispersed liquid–liquid microextraction (DLLME) and chromatography (GC)
method was developed for the determination of 24 aromatic substances in rosemary hydrosol in this
work. The pretreatment method of DLLME was optimized by carefully selecting the appropriate
extraction agents, dispersants, and their respective amounts. With carbon tetrachloride as the
extractant and acetone as the dispersant, the enrichment factor of DLLME is 13.3, and the 24 target
substances such as eucalyptol, camphor and verbenone can be separated within 31 min and quantified
by an external standard method using gas chromatography (GC). The correlation coefficient r2 of
the linear regression equation is within the range of 0.9983 to 0.9991. The detection limit of the
method was 0.02 mg/L, the recovery rate of the spiked solution was 76.4–118.4%, the relative
standard deviation was 0.4–6.9% and the method was used to detect the semi-finished products
of rosemary hydrosol and the finished rosemary hydrosol sold on the market. This method also
provides a reference for the qualitative and quantitative determination of aromatic substances in
other hydrosols.

Keywords: rosemary hydrosol; dispersed liquid–liquid microextraction; gas chromatography;
external standard method; aromatic organics

1. Introduction

Rosemary, also known as Rosmarinus officinalis, is a perennial evergreen subshrub
plant, belonging to the angiosperms, dicotyledonous plants and tubular flowering trees.
Rosemary is native to Europe and North Africa along the Mediterranean coast and is now
widely cultivated in many countries in Europe, North America and China [1–3]. Rosemary
hydrosol has a natural rosemary fragrance, which can be used as a raw material for the
production of cosmetics or facial masks [4]. It has antioxidant [5,6], antibacterial [7,8] and
other effects. Tornuk et al. [9] used rosemary extract as a food disinfectant in their research.
The composition of rosemary essential oils varies greatly due to different germplasm re-
sources, growing regions, climates and environments [10,11]. Similar to rosemary essential
oil, rosemary hydrosol can be divided into Tunisian, Moroccan and Spanish types according
to their different germplasm resources. Among them, Tunisian and Moroccan rosemary
hydrosol are habitually called “camphor rosemary hydrosol” because they are rich in cam-
phor, and Spanish rosemary hydrosol is habitually called “verbenone rosemary hydrosol”
because it is rich in verbenone [12,13].

In the field of rosemary hydrosol analysis, researchers have explored various meth-
ods to determine the composition and content of its components. Two commonly used
techniques are direct injection and concentrated injection after ether extraction [5,14,15].
Direct injection involves directly injecting the rosemary hydrosol sample into the analytical
instrument without any additional sample preparation steps. This method is simple and
convenient but may not be sensitive enough to detect trace organic matter due to the low
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organic content in rosemary hydrosol. Concentrated injection after ether extraction, on the
other hand, involves extracting the components from the hydrosol using an ether solvent
and then concentrating the extract before injection into the instrument. This method allows
for better detection of trace organic compounds by increasing their concentration. However,
it requires a significant amount of ether per sample and can lead to the loss of volatile
components during the concentration process. In a study conducted by Kenichi Tomi et al.,
1000 μL of hydrosol was transferred into a 1.5 mL sample tube, and then 100 μL of n-hexane
and 50 mg of NaCl were added to extract aroma components into the organic fraction;
finally, 0.5 μL of the resulting organic fraction was injected into the GC-MS system using
a 5.0 μm micro syringe. However, the absolute content of analytes were not discussed
in their work [15]. And in a study by Matteo Politi et al., the target analytes of rosemary
samples were concentrated by solid phase microextraction (SPME) and analyzed by GC-MS.
They also obtained the results of the relative content of rosemary samples [16]. To over-
come these limitations, dispersive liquid–liquid microextraction (DLLME) has emerged
as a promising technique for rosemary hydrosol analysis. DLLME involves dispersing
a small volume of an extraction solvent (such as chloroform or dichloromethane) and a
dispersant (typically a water-miscible organic solvent like acetone or ethanol) in the sample
solution, creating a cloudy mixture [17–19]. Upon phase separation, the target analytes
partition into the fine droplets of the extraction solvent, leading to improved enrichment
efficiency and sensitivity. DLLME offers several advantages over traditional methods. It
is relatively simple, rapid, cost-effective and requires only a small amount of extractants.
Furthermore, DLLME reduces the consumption of organic solvents compared to other
extraction techniques [20]. It can be easily coupled with various analytical instruments
such as gas chromatography (GC) [21,22], liquid chromatography (LC) [23] or mass spec-
trometry (MS) [24] for the separation and detection of target compounds. However, there
is currently a lack of literature reports utilizing DLLME as a pretreatment method for the
determination of absolute content of aromatic compounds in rosemary by GC analysis.
In this study, DLLME was selected as the extraction and concentration method for rose-
mary hydrosol analysis. The pretreatment method of DLLME was optimized by carefully
selecting appropriate extraction agents, dispersants, and their respective amounts. By
fine-tuning the extraction parameters, the method achieved a very low detection limit,
enabling accurate determination of trace components in rosemary hydrosol when combined
with gas chromatography. This advanced approach provides valuable insights into the
antioxidant, antibacterial and odor-related properties of rosemary hydrosol, contributing
to a deeper understanding of its chemical composition and potential benefits in various
applications. It offers a novel and efficient way to analyze rosemary hydrosol and can serve
as a foundation for further research in this field.

2. Materials and Methods

2.1. Materials and Reagents

The specified purities of the following standard substances were obtained from Shang-
hai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China): α-Pinene (≥98.0%),
(±)-Camphene (≥95.0%), β-Pinene (≥98.0%), Myrcene (≥90.0%), α-Terpinene (≥90.0%),
(R)-(+)-Limonene (≥99.0%), Eucalyptol (≥99.5%), trans-2-Hexen-1-a (≥98.0%), γ-Terpinene
(≥95.0%), 4-lsopropyltoluene (≥99.5%), Terpinolene (≥90.0%), Methyl heptenone (≥98.0%),
cis-3-Hexen-1-ol (≥98.0%), D(+)-Camphor (≥96.0%), Linalool (≥98.0%), Linalyl Acetate
(≥96.0%), Isobornyl Acetate (≥94.0%), (-)-trans-Caryophyllene (≥98.0%), 4-Carvomenthenol
(≥98.0%), Isoborneol (≥90.0%), α-Terpineol (≥98.0%), (-)-Verbenone (≥95.0%), Neryl ac-
etate (≥95.0%) and Geraniol (≥98.0%).

HPLC-grade carbon tetrachloride (MackLin, Shanghai, China) was used as the extractant,
while pesticide residue-grade chloroform (Anpel, Shanghai, China) and dichloromethane
(Anpel, Shanghai, China) were used as alternative extractants. Pesticide residue-grade acetone
(Anpel, Shanghai, China) served as the dispersant and was also used for standard prepa-
ration. Additionally, HPLC-grade carbon disulfide (MackLin, Shanghai, China), pesticide

44



Processes 2024, 12, 498

residue-grade methanol (Anpel, Shanghai, China), pesticide-residue grade acetonitrile (Anpel,
Shanghai, China), and HPLC-grade ethanol (Anpel, Shanghai, China) were utilized as disper-
sants. Analytical reagent sodium chloride (Sinopharm Chemical Reagent, Shanghai, China)
was employed as an electrolyte. Ultrapure water (PERSEE, resistance = 18.2 MΩ, Shenzhen,
China) was utilized for the experiment. Samples included both semi-finished rosemary hy-
drosols from a plant extract enterprise in Changsha, China, and finished rosemary hydrosols
sourced from Taobao in Hangzhou, China. To prepare the calibration curve, the 24 types of
standards were dissolved and freshly diluted in acetone to concentrations of 5, 10, 20, 50, 100
and 200 μg/mL.

2.2. Instruments and Equipment

An Nexis GC-2030 GC with a flame ionization detector (Shimadzu, Kyoto, Japan)
and fused silica capillary column DB-WAX (polyethylene glycol coating, 30 m × 0.32 mm,
0.25 μm, Agilent, Santa Clara, CA, USA) were used for data acquisition. The detail para-
ments of the GC can be seen in Table 1. BSA224S electronic balance (accuracy 0.1 mg,
Sedoris, Göttingen, Germany) was used for weighing reagents; S225D-1CN electronic
balance (accuracy 0.01 mg, Sartorius, Göttingen, Germany) was used for weighing standard
substances; 200 μL and 1 mL pipette guns (Eppendorf, Hamburg, Germany) were used to
transfer standard solutions, extractants, and dispersants; EOFO-945617 single-hole vortex
mixer (digital type, Talboys, Columbia, MD, USA) was used for extraction; H/T16MM
centrifuge (Hexi, Tianjin, China) was used for centrifugal stratification; high-purity nitrogen
(purity ≥ 99.999%, Changsha Rizhen, Changsha, China) was used for carrier gas.

Table 1. Instrumental parameters of GC data acquisition.

Instrumental Parameters Value

Injection port
Injection volume (μL) 1.0

Injection port temperature (◦C) 250
Split ratio 20:1

Chromatographic column
Column flow (mL/min) 1.00

Programmed temperature rise procedure
50 ◦C for 3 min,

4 ◦C/min to 160 ◦C,
0 min, 20 ◦C/min to 240 ◦C, 5.5 min

Detector
Detector temperature (◦C) 300
Hydrogen flow (mL/min) 32.0

Air flow (mL/min) 200.0
Tail gas flow (mL/min) 24.0

2.3. Method
2.3.1. Preparation of Standard Solution and Establishing of Standard Curve

We accurately measured 100 mg of a standard substance and transferred it into a
50 mL beaker. Subsequently, 10–20 mL of acetone was added to the beaker, followed by dis-
solution through ultrasound. The resulting solution was then transferred to a 5 mL brown
volumetric flask and further diluted with acetone. After thorough shaking, a 20 mg/mL
single standard stock solution was prepared. To obtain single standard solutions for anal-
ysis in gas chromatography (GC), each single standard stock solution was sequentially
diluted stepwise with acetone to achieve a concentration of 100 μg/mL. Retention time,
determined by GC analysis, served as the qualitative basis for identifying each standard
substance. For the preparation of a mixed standard stock solution, precisely 200 μL of
each single standard stock solution was transferred into a 5 mL brown volumetric flask,
followed by dilution with acetone and thorough shaking. This resulted in an 800 μg/mL
mixed standard stock solution. Dilutions of the mixed standard stock solution with acetone
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were performed to obtain concentrations of 5, 10, 20, 50, 100, and 200 μg/mL for each
standard substance. The pH value of rosemary hydrosol was approximately 5.5.

The enrichment factor (EF) plays a crucial role in evaluating the performance of the
dispersive liquid–liquid microextraction (DLLME) method. It represents the concentration
of the target substance in the extractant after extraction divided by the concentration of
the target substance in the aqueous phase before extraction. Under the assumption that all
target substances are fully extracted into the extractant, and the volumes of the extractant
and aqueous phase remain constant before and after extraction, the enrichment factor can be
calculated as the ratio of the volume of the aqueous phase to the volume of the extractant.

However, in practical analytical procedures, the volume of the organic phase may not
necessarily match the volume of the added extractant after liquid–liquid microextraction.
Some of the dispersant may be carried into the organic phase by the extractant, resulting in a
larger final volume of the organic phase compared to the added extractant. Simultaneously,
a portion of the extractant may be carried into the aqueous phase by the dispersant, leading
to a smaller final volume of the organic phase than the added extractant. To account for
these discrepancies, it becomes necessary to introduce a correction factor, denoted as K, to
adjust the test results accordingly.

The incorporation of the correction factor K allows for accurate determination of
the actual enrichment factor, considering the potential alterations in the volumes of both
the organic phase and the extractant caused by the dispersant during the liquid–liquid
microextraction process. This correction factor ensures the reliability and validity of the
obtained results.

2.3.2. Sample Collection, Preparation and Detection

Eight samples were included in this study; Sample 1, Sample 2, Sample 3 and Sample 5
were purchased through the Taobao network. Sample 7 was a hydrosol produced from
imported rosemary leaves and was provided by a plant extract company. Additionally, sam-
ples of hydrosol produced from rosemary leaves in Hunan (Sample 8), Henan (Sample 9),
and Yunnan (Sample 10) were also included.

For the sample preparation, we referred to a previous study [19] and conducted certain
optimizations based on them, the detailed steps were as follows: a 10 mL hydrosol sample
was taken and mixed with 1.5 mL of acetone, followed by the addition of 2 g of NaCl.
Subsequently, 0.75 mL of carbon tetrachloride was added to the mixture. The resulting
solution was manually shaken 100 times and then subjected to scrolling for 30 s. After
allowing the solution to stand undisturbed for 3 min, centrifugation was performed at a
speed of 6000 r/min for 5 min. The organic phase present at the bottom of the centrifuge
tube was carefully collected and transferred to an injection vial for further determination.
Figure 1 shows the flow chart of sample pretreatment for 24 trace aromatic substances in
rosemary hydrosol.

 

Figure 1. A flow chart of sample pretreatment for 24 trace aromatic substances in rosemary hydrosol.

3. Results and Discussion

3.1. Gas Chromatograms of Target Analytes in Samples

As can be seen from Figure 2a, the 24 aromatic organic compounds of the gas chro-
matogram were completely separated in 31 min. After conducting calculations, the resolu-
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tion of the 24 compounds ranged from 2.03 to 39.76, exceeding the minimum requirement
of 1.5. This indicates that our method satisfies the criteria for both chromatographic
separation and quantitative analysis. Table 2 presents the identification of the 24 target
compounds along with their corresponding retention times, as denoted by the serial num-
bers in Figure 2a–c. Figure 2b,c show the gas chromatograms of the rosemary hydrosol
produced by the imported rosemary leaves and the rosemary hydrosol produced by the
Chinese rosemary leaves, respectively. As can be seen from Figure 2a and Table 2, the main
components of rosemary hydrosol produced from imported leaves were eucalyptol and
camphor, while the main components of hydrosol produced from domestic leaves were
eucalyptol and verbenone.

Figure 2. (a) Gas chromatogram of reference materials (concentration: 20 μg/mL) (a), natural
rosemary hydrosol (imported rosemary leaves) (b) and natural rosemary hydrosol (rosemary leaves
from China) (c).
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Table 2. The retention time of 24 target analytes in rosemary hydrosol separated by GC.

No. Target Analytes Retention Time (min) No. Target Analytes Retention Time (min)

1 α-Pinene 6.589 13 cis-3-Hexen-1-ol 17.298
2 (±)-Camphene 7.581 14 D(+)-Camphor 21.248
3 β-Pinene 8.674 15 Linalool 22.199
4 Myrcene 10.261 16 Linalyl Acetate 22.401
5 α-Terpinene 10.739 17 Isobornyl acetate 23.294
6 (R)-(+)-Limonene 11.318 18 (-)-trans-Caryophyllene 23.575
7 Eucalyptol 11.693 19 4-Carvomenthenol 23.817
8 trans-2-Hexen-1-al 11.945 20 Isoborneol 25.690
9 γ-Terpinene 12.788 21 α-Terpineol 26.479
10 4-lsopropyltoluene 13.559 22 (-)-Verbenone 26.730
11 Terpinolene 13.972 23 Neryl acetate 27.174
12 Methyl heptenone 15.720 24 Geraniol 30.458

3.2. Selection of Extractant

Selection of an appropriate extractant is crucial for the extraction process to ensure the
complete dissolution of all standard substances. The solubility of the target substance in
the chosen extractant should be significantly higher compared to water. Additionally, the
density of the chosen extractant should be notably greater than that of water to facilitate
efficient centrifugation and stratification post-extraction. In this study, trichloromethane,
dichloromethane, carbon tetrachloride and carbon disulfide were chosen as the extractants.
To evaluate the recovery rates of the 24 standard substances at different spiking levels,
mixed standard solution spikes with concentrations of 1.5 μg, 15 μg and 150 μg were added
to the blank matrix for each extractant tested. Comparisons were made between the recov-
ery rates of the 24 standard substances across the various extractants and concentrations.
The recovery rates of the 24 standard substances were presented in Figure 3a–c. Notably,
when carbon disulfide was employed as the extractant, significant variations were observed
among different analytes, which could be attributed to their varying solubilities in carbon
disulfide. Consequently, carbon disulfide was excluded from consideration as an extractant
in this study. Comparative analysis revealed that carbon tetrachloride exhibited signifi-
cantly higher recoveries (around 100%) for the 24 analytes compared to dichloromethane
and chloroform. Furthermore, the chromatographic peak of trichloromethane substantially
overlapped with (±)-2-pinene, while dichloromethane demonstrated a propensity to emul-
sify with water when used as an extractant. Therefore, carbon tetrachloride was selected as
the preferred extractant for this investigation.

3.3. Selection of Dispersant

In order to facilitate the transfer of target analytes between the aqueous and organic
phases, it is crucial for the dispersant to possess favorable solubility in both water and the
chosen extractant. Additionally, the dispersant should demonstrate excellent solubility in
the 24 reference materials. For the purpose of this study, acetone, hexane and methanol were
carefully chosen as the dispersants for comprehensive evaluation. To evaluate the recovery
rates of the 24 analytes at different concentrations, a standard solution containing 15 μg
was added to the blank matrix using each dispersant. The main objective was to compare
the recovery rates of the 24 analytes across various concentrations and dispersants, with
the ultimate goal of identifying the most suitable dispersant that could effectively facilitate
the smooth transfer of the reference materials between the aqueous and organic phases
while achieving optimal recovery rates. The recovery rates of the 24 standard substances
are presented in Figure 4. When methanol was utilized as the dispersant, it led to a higher
migration of cis-3-hexene-1-ol into the water phase, resulting in an insufficient recovery
rate of the spiked compound. Conversely, when acetone was used as the dispersant, the
recovery rate of the added standard exceeded that of acetonitrile. Additionally, it was
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observed that acetonitrile had a propensity to cause losses in the gas chromatographic
column. Consequently, acetone was chosen as the preferred dispersant for this study.

Figure 3. The recovery rate of 24 target substances using different extractants spiked with concentra-
tions of 1.5 μg (a), 15 μg (b) and 150 μg (c) (n = 3).
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Figure 4. The recovery rate of 24 target substances when using different dispersants (n = 3).

3.4. Optimization of Extractant Volume

The volume of the extractant plays a crucial role in determining the extraction efficiency.
Insufficient extractant volume may result in incomplete transfer of the target substance
from the aqueous phase to the organic phase, while excessive extractant volume can lead
to reduced enrichment factor and higher detection limits for the target substances, thereby
negating the advantages of dispersed liquid–liquid microextraction. In this study, carbon
tetrachloride was selected as the extractant, and volumes of 0.25 mL, 0.50 mL, 0.75 mL, and
1.00 mL were chosen for evaluation of the extraction of 24 aromatic organic compounds
in samples. Each volume of extractant was added to the blank matrix containing 15 μg
of the mixed standard solution. The objective of this investigation was to compare the
recovery rates of the 24 standard substances under different dispersants at varying volumes
of carbon tetrachloride extractant. And the recovery rate of 24 standard substances in
samples is shown in Figure 5. The recovery rates of carbon tetrachloride extractant at 0.75
and 1.0 mL were significantly higher than that at 0.25 and 0.50 mL. When the volume of
extractant was 0.75 mL and 1.0 mL, the recovery rate of spiking was similar. Considering
the same sample volume, the larger the volume of the extractant was, the smaller the
enrichment factor was. So, 0.75 mL was selected as the volume of carbon tetrachloride as
the extractant in this study.

3.5. Optimization of Dispersant Volume

The volume of the dispersant plays a crucial role in determining the efficiency of
extraction. Insufficient dispersant volume can hinder the rapid transfer of the target
substance between the aqueous and organic phases, while excessive dispersant volume
can result in a larger organic phase volume and reduced enrichment factor. Moreover,
some dispersants may dissolve in the water phase after microextraction, leading to the
loss of target substances and lower recovery rates. In this study, acetone was chosen as the
dispersant. Each volume of dispersant was added to the blank matrix containing 15 μg
of the mixed standard solution. The recovery rates of the 24 standard substances when
varying the volume of acetone dispersant to 0.75, 1.0, 1.5 and 2.0 mL, respectively, are
shown in Figure 6. It was observed that there was minimal variation in the recovery of the
24 reference materials as the volume of dispersant changed. Therefore, for this study, a
volume of 1.5 mL was selected as the appropriate amount of acetone dispersant.
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Figure 5. Recovery rate of 24 target substances with different extractant volumes (n = 3).
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Figure 6. Recovery rate of 24 target substances with different dispersant volumes (n = 3).

3.6. Optimization of DLLME Parameters

The pretreatment parameters of DLLME, including extraction time, temperature
and pH value, may affect the extraction recovery of the 24 target analytes in rosemary
hydrosol samples. So, in this work, the parameters of extraction time (10, 20, 30, 60, 120 s),
temperature (10, 15, 20, 25, 30 ◦C) and pH (4, 5, 6 and 7) were optimized. As shown in
Figure 7a, extraction temperature had a minimal impact on the recovery rate of analytes,
so the extraction experiments can be conducted at room temperature (10–30 ◦C). As for
the extraction time (see Figure 7b), the extraction efficiency gradually increases when the
extraction time is between 10 and 30 s, and it stabilizes when the extraction time is between

51



Processes 2024, 12, 498

30 and 120 s. According to the principles of DLLME, the dispersant transfers multiple times
between the sample and the extraction solvent during the extraction process. The target
analytes are quickly extracted from the sample into the extraction solvent. This is one of
the advantages of DLLME compared to other extraction methods. Thus, 30 s was chosen as
the optimal extraction time. Moreover, as can be seen from Figure 7c, pH had a negligible
effect on the recovery rate when the pH value was in the range of 4–6. Consequently, there
was no requirement for pH adjustment during the analytical determination of the sample.

Figure 7. Optimization of DLLME parameters: (a) extraction temperature, (b) extraction time and
(c) pH (n = 3).
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3.7. Retention Time, Method Detection Limit, Linear Regression Equation and
Correlation Coefficient

The peak time, method detection limit, linear regression equation and correlation
coefficient r2 of 24 standard substances are shown in Table 3. The linearity of 24 reference
materials was good in the range of 5~200 μg/mL, and the detection limits of the method
were 0.02 mg/L. The detection limits of the liquid–liquid microextraction method were
significantly lower than those of the direct injection and liquid–liquid extraction method.

Table 3. Retention time, method detection limit, linear regression equation and correlation coefficient
r of 24 target substances r (n = 3).

Serial No. Target Analytes
Retention

Time (min)
Method Detection

Limit (mg/L)
Linear Regression

Equation
Correlation Coefficient

r

1 α-Pinene 6.581 0.02 Y = 1166.1X − 6 59.2 0.9991
2 (±)-Camphene 7.573 0.02 Y = 1174.7X − 5 48.5 0.9991
3 β-Pinene 8.665 0.02 Y = 1237.2X − 723.1 0.9990
4 Myrcene 10.245 0.02 Y = 1143.4X − 695.7 0.9990
5 α-Terpinene 10.728 0.02 Y = 1276.8X − 793.4 0.9989
6 (R)-(+)-Limonene 11.307 0.02 Y = 1318.4X − 964.5 0.9989
7 Eucalyptol 11.681 0.02 Y = 1247.9X − 905.1 0.9990
8 trans-2-Hexen-1-al 11.934 0.02 Y = 758.4X − 598.9 0.9989
9 γ-Terpinene 12.777 0.02 Y = 1192.9X − 796.6 0.9990

10 4-lsopropyltoluene 13.548 0.02 Y = 1302.2X − 982.0 0.9989
11 Terpinolene 13.961 0.02 Y = 1090.2X − 680.4 0.9990
12 Methyl heptenone 15.710 0.02 Y = 975.7X − 868.1 0.9988
13 cis-3-Hexen-1-ol 17.289 0.02 Y = 925.4X − 804.8 0.9989
14 D(+)-Camphor 21.238 0.02 Y = 1398.6X − 1343.3 0.9989
15 Linalool 22.191 0.02 Y = 1041.4X − 1030.9 0.9987
16 Linalyl Acetate 22.389 0.02 Y = 1194.6X − 1132.6 0.9988
17 Isobornyl acetate 23.282 0.02 Y = 1416.6X − 1406.3 0.9988

18 (-)-trans-
Caryophyllene 23.561 0.02 Y = 1850.6X − 1710.0 0.9987

19 4-Carvomenthenol 23.807 0.02 Y = 1542.2X − 1693.4 0.9986
20 Isoborneol 25.678 0.02 Y = 1207.1X − 1193.3 0.9989
21 α-Terpineol 26.471 0.02 Y = 897.5X − 718.5 0.9988
22 (-)-Verbenone 26.718 0.02 Y = 1321.7X − 1808.1 0.9985
23 Neryl acetate 27.166 0.02 Y = 1146.7X − 1024.0 0.9987
24 Geraniol 30.450 0.02 Y = 1300.5X − 1759.0 0.9983

Table 4 shows the comparison of different pretreatment methods for the detection
of aromatic compounds in rosemary hydrosol. The aromatic substances in rosemary
hydrosol were directly injected and detected using GC-MS, obtaining the relative content
of compounds through the reported studies [25–27]. And in the work conducted by Dganit
Sadeh, 1 g sample was added into 0.01 L solvent, and then shaken for 24 h at room
temperature, then 2 mL sample was injected into the GC-MS system after the cleaning
steps, obtaining the relative content of analytes [10]. Through comparative analysis, the
method of DLLME combined with GC for the detection of 24 aromatic compounds in
rosemary hydrosol exhibits several advantages, including reduced pre-processing time
and lower reagent consumption. Most significantly, our method allows for the absolute
quantification of aromatic compounds in rosemary, a capability that distinguishes it from
other approaches in the field.
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Table 4. Comparison of different pretreatment methods.

References
Pretreatment

Methods
Pretreatment

Time
Detector

Organic Reagent
Dosage

LOD
(mg/L)

Quantitative
Method

[25] Direct injection 0 h GC and GC-MS 0 mL / Area normalization
method

[27] Direct injection 0 h GC-MS 0 mL / Area normalization
method

[26] Direct injection 0 h GC-MS 0 mL / Area normalization
method

[10] Solvent extraction 24 h GC-MS 10 mL / Area normalization
method

This method DLLME 10 min GC 2.25 mL 0.02 External standard
method

3.8. Recovery, Precision, Enrichment Factor and Correction Factor

All figures and tables show that, for the samples spiked with 1.5, 15 and 150 μg
concentrations determined by GC, as can be seen from Table 4, the recovery rate was in the
range of 76.4~138.8%, and the relative standard deviation of the 24 target substances was
0.4~6.9%. This indicated that most of the aromatic organic compounds in samples could
be extracted using the DLLME method. High recoveries of target compounds in samples
demonstrated that the proposed method could be efficient in determining the 24 target
substances in realistic rosemary hydrosol.

In this study, the sampling volume was 10 mL, and the extraction volume was 0.75 mL,
resulting in an enrichment factor of 13.3. In the actual testing process, the volume of the
organic phase may not be consistent with the volume of the added extractant in liquid–
liquid microextraction. This is due to the potential transfer of dispersants between phases,
leading to variations in the final organic phase volume compared to the added extractant
volume. To account for these effects, a correction factor (K) is introduced. The value of
the correction factor (K) can be determined based on the recovery rates of the 24 target
substances at different spiked concentrations.

From Table 5, it can be observed that when the mixed standard was added at a quantity
of 1.5 μg, the recovery range was between 76.4% and 118.4%, indicating good recovery
rates. Therefore, for sample contents equal to or less than 0.15 mg/L, the correction factor
was considered as 1. Similarly, when the mixed standard was added at a quantity of 150 μg,
the recovery range ranged from 81.3% to 105.4%, demonstrating satisfactory recovery rates.
Hence, for sample contents greater than or equal to 15 mg/L, the correction factor was also
determined as 1. Additionally, when the mixed standard plus scalar quantity amounted to
15 μg, the recovery rate fell within the range of 94.6% to 137.0%, indicating relatively high
recovery rates. After multiplying the recovery rates of the 24 target substances by 0.85, the
corrected recovery rates were found to range from 80.4% to 116.4%. Therefore, for sample
contents ranging from 1.5 mg/L to 15 mg/L, the target substance content in the sample
should be multiplied by the correction factor of 0.85.

3.9. Determination of Real Samples

Table 6 reveals significant differences in the content of main components among vari-
ous samples. The semi-finished rosemary hydrosol products (Sample 7, Sample 8, Sample
9 and Sample 10) exhibited considerably higher content levels compared to commercially
available rosemary products (Sample 1, Sample 2, Sample 3 and Sample 5). Additionally,
the aroma of the semi-finished products was noticeably stronger than that of regular rose-
mary products. These findings suggest potential dilution or blending practices during the
production of semi-finished rosemary hydrosol products. Moreover, the main component
content varied significantly between semi-finished rosemary hydrosol products made from
imported rosemary leaves and those produced using domestically grown leaves from
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Hunan, Henan, and Yunnan Provinces in China. This indicates that the origin of the raw
materials influences the composition of the semi-finished hydrosol products.

Table 5. The recoveries and relative standard deviation of 24 target substances at different spiked
concentration levels (n = 6).

Serial No.
Scalar 1.5 μg 15 μg 150 μg

Target Substance Recovery % RSD % Recovery % RSD % Recovery % RSD %

1 α-Pinene 107.6 2.0 103.6 1.0 82.5 5.0
2 (±)-Camphene 77.3 6.9 94.6 1.0 81.3 3.8
3 β-Pinene 76.4 4.9 99.8 1.3 82.2 4.6
4 Myrcene 81.6 5.9 109.4 0.7 82.9 4.1
5 α-Terpinene 86.4 5.5 112.4 0.8 84.3 3.7
6 (R)-(+)-Limonene 100.0 6.4 114.1 0.7 85.4 3.6
7 Eucalyptol 105.1 1.6 137.0 0.7 105.4 1.8
8 trans-2-Hexen-1-al 103.3 3.4 129.0 0.7 95.7 2.0
9 γ-Terpinene 93.3 4.5 116.8 0.7 87.0 3.0
10 4-lsopropyltoluene 89.3 2.0 120.4 0.7 86.8 2.7
11 Terpinolene 102.7 3.4 119.2 0.6 88.2 2.6
12 Methyl heptenone 105.6 1.6 136.7 0.6 103.2 2.0
13 cis-3-Hexen-1-ol 83.6 2.0 112.4 0.9 81.3 2.4
14 D(+)-Camphor 106.2 1.6 137.5 0.4 104.8 2.0
15 Linalool 113.8 0.9 138.8 0.5 105.0 2.1
16 Linalyl Acetate 108.0 2.2 131.3 0.7 101.1 0.6
17 Isobornyl acetate 108.2 0.7 136.6 0.4 101.2 0.7
18 (-)-trans-Caryophyllene 100.9 5.3 125.0 0.4 102.0 1.3
19 4-Carvomenthenol 109.3 1.6 137.3 0.5 104.5 2.2
20 Isoborneol 104.9 1.0 136.2 0.7 104.2 2.1
21 α-Terpineol 113.4 0.6 136.3 0.8 104.4 2.4
22 (-)-Verbenone 101.1 1.4 132.4 0.7 99.3 2.3
23 Neryl acetate 114.2 1.5 132.9 0.5 104.3 1.2
24 Geraniol 102.7 1.9 135.2 0.4 104.1 2.2

Table 6. Detection of target substances in 8 rosemary hydrosol samples (unit: mg/L) (n = 3).

No. Target Substance Sample 1 Sample 2 Sample 3 Sample 5 Sample 7 Sample 8 Sample 9 Sample 10

1 α-Pinene 36.8 ± 0.70 0.6 ± 0.06 0.6 ± 0.06 0.6 ± 0.10 0.7 ± 0.06 0.7 ± 0.06 0.7 ± 0.06 0.6 ± 0.06
2 (±)-Camphene 9.7 ± 0.21 ND 1 ND 0.6 ± 0.06 0.4 ± 0.06 0.4 ± 0.06 ND ND
3 β-Pinene 2.1 ± 0.06 ND ND ND ND ND ND ND
4 Myrcene 3 ± 0.10 ND ND ND 0.6 ± 0.06 0.7 ± 0.06 0.7 ± 0.06 ND
5 α-Terpinene 0.9 ± 0.06 ND 0.4 ± 0.06 ND 0.4 ± 0.06 ND 0.4 ± 0.12 ND
6 (R)-(+)-Limonene 4.6 ± 0.21 ND ND ND 0.5 ± 0.06 0.5 ± 0.10 0.5 ± 0.06 0.5 ± 0.06
7 Eucalyptol 154.6 ± 2.27 103.9 ± 1.65 36.3 ± 0.45 2.9 ± 1.2 217.6 ± 3.89 224.3 ± 3.27 237.7 ± 2.45 226.4 ± 6.95
8 trans-2-Hexen-1-al ND ND ND ND 1.2 ± 0.10 1.2 ± 0.10 1.3 ± 0.06 1.1 ± 0.06
9 γ-Terpinene 1 ± 0.06 ND ND ND ND ND ND ND
10 4-lsopropyltoluene 3.9 ± 0.10 ND ND ND 0.4 ± 0.12 ND ND ND
11 Terpinolene 0.8 ± 0.06 ND ND ND ND ND ND ND
12 Methyl heptenone 0.4 ± 0.06 0.6 ± 0.06 0.6 ± 0.06 ND 0.5 ± 0.12 0.9 ± 0.10 0.9 ± 0.06 0.8 ± 0.10
13 cis-3-Hexen-1-ol 0.4 ± 0.06 0.6 ± 0.06 0.6 ± 0.06 ND 1.1 ± 0.12 1.8 ± 0.15 1.5 ± 0.15 1.7 ± 0.21
14 D(+)-Camphor 32.3 ± 0.40 16 ± 0.46 11 ± 0.31 1 ± 0.12 354.1 ± 5.46 57.3 ± 0.71 77.3 ± 1.05 48.5 ± 0.85
15 Linalool 3.6 ± 0.06 18 ± 0.31 7.6 ± 0.21 0.7 ± 0.12 10.4 ± 0.30 19.2 ± 1.05 14.7 ± 0.72 21.7 ± 1.56
16 Linalyl Acetate ND ND ND ND ND ND ND ND
17 Isobornyl acetate 0.6 ± 0.06 0.6 ± 0.06 0.5 ± 0.06 ND 1 ± 0.15 1.2 ± 0.15 1.3 ± 0.12 1.2 ± 0.06

18 (-)-trans-
Caryophyllene 3.4 ± 0.10 ND ND ND 0.7 ± 0.12 ND 1.5 ± 0.06 ND

19 4-Carvomenthenol 2.2 ± 0.10 4.6 ± 0.15 3.4 ± 0.10 0.6 ± 0.06 14.6 ± 0.53 9.8 ± 0.50 10.9 ± 0.42 9.6 ± 0.32
20 Isoborneol 1.6 ± 0.06 ND ND ND ND ND ND ND
21 α-Terpineol 7.5 ± 0.06 15.2 ± 0.26 17 ± 0.36 1.3 ± 0.06 152.2 ± 2.95 47.9 ± 1.57 52.3 ± 0.8 45.6 ± 1.12

22 (-)-Verbenone ND 62.7 ± 1.61 130.4 ± 3.67 12.4 ± 0.29 ND 576.5 ± 4.31 545.2 ± 6.45 569.2 ±
14.50

23 Neryl acetate 0.4 ± 0.06 ND ND ND ND ND ND ND
24 Geraniol 0.6 ± 0.06 7.7 ± 0.15 3.2 ± 0.21 0.5 ± 0.06 4.4 ± 0.15 13 ± 6.76 10.7 ± 0.21 13.4 ± 0.55

1 Note: ND means not detected.
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4. Conclusions

A method for the determination of 24 target substances in rosemary hydrosol using
external standard dispersion liquid–liquid microextraction and gas chromatography was
established. The effects of different extractants, dispersant types and contents on the
recovery rate of spiking were compared. Carbon tetrachloride and acetone were selected as
extractants and dispersants, respectively. The volume of extractant was 0.75 mL and the
volume of dispersant was 1.5 mL. The linearity was good, within the range of 5~200 μg/mL,
the detection limit of the method was 0.02 mg/L and the recovery rate and precision were
good. It is a good method to detect the absolute content of trace aromatic substances
in rosemary hydrosol, and also provides a reference for the detection of trace aromatic
substances in other hydrosols.
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Abstract: Earth structures have a significant sustainable impact on regulating indoor environmental
qualities. Yet, using soil materials can lead to fungal growth, impacting occupant health and structural
stability. This study investigates the susceptibility of earth-based construction materials with cement,
limestone, and acrylic-based additives to fungal growth. Laboratory tests were conducted on mixtures
under conditions found in inhabited buildings in hot–arid regions. The proposed methodology was
based on a 7-week artificial incubation of fungi obtained from moldy walls through regulating
the room temperature to fall between 18 ◦C and 19 ◦C and a controlled humidity level of around
45%. These conditions were adopted according to the readings monitored in typical buildings in
the study area. The results showed that fungal growth was evident on the surface of mixtures,
including higher percentages of soil and lower percentages of additives. Mixtures comprising
50% soil, 15% acrylic-based additive, 15% quicklime, and 20% cement supported the least fungal
growth, presenting the best choice as a sustainable, efficient replacement. Visual observation followed
by microscopic examination ensured the results. Furthermore, results of an environmental post-
occupancy evaluation of a constructed rammed earth building using the optimized mixture showed
no signs of fungal proliferation on the inner walls afterward.

Keywords: fungal growth; mold; soil; humidity; rammed earth; green solution; sustainability

1. Introduction

The attention garnered by utilizing local resources in constructing sustainable struc-
tures, such as soil, stems from its significant environmental impact. This noteworthy
method not only contributes to the enhancement of air quality but also aids in regulating
temperature and humidity, ultimately ensuring a pleasant living environment for the in-
habitants of the structures [1–4]. Furthermore, it diminishes the dependence on energy
resources for heating and cooling [5–7].

However, such a building system can enhance fungal growth. Fungi are abundant
in nature. They can grow on almost all natural and manmade materials. Depending
on the original location, an ambient temperature between cold and moderate levels is
the optimum requirement for most fungi [8]. Additionally, a correlation was established
between the moisture content during the construction of earth walls and its possible
influence on mold development [9,10]. Fungal growth potentially impacts the health of
occupants and the structural stability of the buildings [11]. This is because of the capacity
of earth materials to absorb water, and hence, the moisture content within materials and
the humidity levels on their surface determine the rate at which fungi develop [12] and
subsequently impact the structure’s durability [13–16]. Laborel-Préneron et al. (2018)
studied earth-based materials enhanced with plant aggregates such as straw [17]. These
enhancements improved insulation and helped prevent shrinkage cracks; however, they
also observed fungal growth under specific humidity and temperature conditions after
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four weeks. Mensah-Attipoe et al. (2015) focused their research on the proliferation of
environmentally friendly construction materials, shedding light on how organic matter
facilitates the growth of fungi [18].

To mitigate the effects of fungal growth on the durability of earth constructions, it is
possible to modify a combination of mixtures, reduce moisture, and ensure the maintenance
of the building [19]. Lime, fly ash, cement, polymers, and red clay binders with epoxy
emulsion have been used as additives to improve the properties of soils against water
erosion [20–25]. Moreover, reducing clay content in mixtures has proven effective [26,27].
Narloch and Woyciechowski (2020) conducted a study using the Standard NZS 4298 by
incorporating a cement dosage of 6% into the mixture [28]. Their findings indicated
that there were no signs of surface degradation. Yet, they emphasized that protective
measures are necessary for long-term resilience. Moreover, it was found that adding
cement to earth mixtures can improve resistance to water vapor, although it is still not
as effective as concrete. Another method involves changing the mixture composition
by incorporating admixtures, like silicone water additives, which help protect against
the impact of weathering. Additionally, surface treatments can address moisture-related
issues [29].

Since earthen building materials are one of the green solutions for contemporary
constructions, and fungal growth can lead to health risks for occupants, questions are
raised about the optimized soil mixture to be used in hot–arid regions that reduces fungal
development. This study investigates susceptibility to fungal growth on the surface of earth
constructions. Additionally, it aims to explore the impact of adding cement, limestone,
and a fast acrylic-based bond to a mixture for moisture resistance. Laboratory tests were
conducted on mixtures under conditions found in inhabited buildings in hot–arid regions,
where fungal growth is expected. The study’s findings will highlight the optimized mixture
of a stabilized earth material that prevents fungal growth and maintains acceptable indoor
air quality. The selected mixture was used to construct a prototype rammed earth building
in the study area to examine the efficiency of such material in preventing mold growth.

2. Materials and Methods

The experiment in this study was performed in Amman, Jordan, a city recognized for
its hot and arid summer climate, juxtaposed with its cold and damp winter climate. In this
regard, the mean percentage of outdoor relative humidity is 48% [30]. Moreover, the mean
maximum outdoor air temperature for 30 years (1989 to 2018) ranged between 32.8 ◦C
and 12.6 ◦C, with an average of 23.9 ◦C annually, while the mean minimum outdoor air
temperature ranges between 20.8 ◦C and 3.6 ◦C, with an average of 12.7 ◦C, annually [31].

Regarding indoor environmental conditions, profile readings of previous studies im-
plemented in the same study area show that the mean indoor air temperature monitored in
typical buildings in Amman ranges between 17.2 ◦C and 19.4 ◦C in cold months (Novem-
ber to February), while relative humidity levels fall between 42% and 48% in the same
months [32,33]. Research examining the indoor environmental quality (IEQ) of typical
classrooms in Amman in winter (between December and January) showed that the relative
humidity measured between 43.5% and 55.2%, with a mean of 47.6%. In the same surveyed
rooms, the indoor air temperature varied between 17.3 ◦C and 21.4 ◦C, with a mean of
19.35 ◦C [32]. In another study aimed to assess the IEQ of schools in Amman, results
showed that air temperature ranged between 16 ◦C and 18.3 ◦C in February, and between
21.1 ◦C and 22.9 ◦C in July [33]. Relative humidity measurements ranged between 42% and
47% in winter, while it was recorded between 40.5% and 47.9% in summer [33].

Different techniques and laboratory tests could be used to investigate fungal growth
at the surface of building materials. The first step includes preparing mixture samples and
then decontaminating them to remove mold by exposing materials to heat [34] or treating
them with gamma rays, which is more expensive [35].
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The second step is to collect fungi from moldy walls and inoculate them artificially
at the surface of the mixture samples using a cotton swab [36]. This process is faster than
natural inoculation and allows an easier quantitative comparison with the initial state [37].

The third step is to incubate samples in a closed chamber to maintain controlled
temperature and relative humidity, similar to regular room conditions. The average time of
the incubation process is six weeks [37].

Finally, periodic macroscopic and microscopic observations are used to monitor fungal
growth. Depending on the inoculation method, different scales that classify fungal growth
intensity could be used. One of these scales was established by Johansson et al. in 2012 [38].
It includes five values, starting from 0 to 4. The lowest value means no fungal growth,
while the highest value indicates growth all over the surface. Health risks are associated
with growth values of 2 and above.

The procedure, explained in the subsequent paragraphs, is focused on thoroughly
examining the laboratory tests employed to observe fungal growth.

2.1. Preparation of Samples and Decontamination

A total of six types of mixtures, with three replicates of each type, were prepared, as
shown in Table 1. The six mixtures are as follows: three types of different soil mixtures with
additives, a control sample that includes soil without any additives, a concrete mixture
without any treatment, and a concrete mixture that is painted with emulsion paint. Soil
obtained from a depth of two meters was used to prepare mixtures to avoid silt and high
concentrations of organic material. The reason for choosing these types of soil mixtures is
to select the optimum combination that can be used for contemporary earth constructions
and compare soil with ordinary Portland cement commonly used in the study area. It is
essential to mention, though, that straws or plants, which were found to be a major cause
of fungal growth, were not used in the mixtures [35,39,40].

Table 1. Description of types of samples.

Type Code Composition of Samples

(1A)
Soil (70%)

Acrylic-based additive (15%)
Quicklime (15%)

(2B)
Soil (65%)

Acrylic-based additive (15%)
Ordinary Portland cement (20%)

(3C)

Soil (50%)
Acrylic-based additive (15%)

Quicklime (15%)
Ordinary Portland cement (20%)

(4D)
Control sample Soil (100%) with no additions

(5E) Concrete mixture (100%)

(6F) Concrete mixture (100%), finished with emulsion paint

At an earlier phase of the current study, a laboratory structural investigation was
performed to verify the strength of soil mixtures. The results showed that the soil mixture
denoted as type (1A) accomplished a compressive strength of 2.06 MPa after 28 days while
being subjected to a water content of 37%. The sample type 2B yielded a compressive
strength valued at 4.18 MPa and a water content of 33%. Surprisingly, the sample labeled
as type 3C manifested the highest compressive strength of 4.39 MPa while being exposed
to a water content of 42% [41].

All samples underwent decontamination, exposing them to exceptionally elevated
temperatures in an oven that reached up to a scorching 150 ◦C for 24 h. The fundamental
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aim of this process was to successfully eliminate any probable existence of mold, thereby
ensuring the integrity and purity of the samples under investigation.

2.2. Inoculation

Fungal specimens were obtained from mold-infested walls of residential dwellings
in Jordan to simulate natural conditions (Figure 1). Wet sterile cotton swabs were used to
swab moldy walls. These swabs were then cultured on Sabouraud Dextrose Agar (SDA).
These cultures were used to inoculate the samples in question. The inoculation was carried
out at room temperature, set at 24 ◦C, to be within the acceptable comfort range, between
19.4 ◦C and 27.7 ◦C, as defined in the ANSI/ASHRAE 55 (2017) guidelines [42].

Figure 1. Fungal growth was obtained from mold-infested walls of residential dwellings in Jordan.

Sterile and immaculate Petri dishes were marked with the precise date and their
unique material code, which can be observed in Figure 2:

• Label (1A): 80% soil, 5% acrylic-based additive, and 15% quicklime.
• Label (2B): 65% soil, 15% acrylic-based additive, and 15% cement.
• Label (3C): 50% soil, 15% acrylic-based additive, 15% quicklime, and 20% cement.
• Label (4D): 100% soil (control sample).
• Label (5E): 100% concrete mixture.
• Label (6F): 100% concrete mixture, painted with emulsion.

Figure 2. Mixtures of earth construction samples were used in the study.
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To execute the procedure, it was necessary to implement a consistent and unvarying
relative humidity factor, which was maintained at approximately 45%. This value was
carefully chosen to ensure that it simulated the indoor environmental conditions of typical
buildings in the study area.

Standardization of Humidity Level

The test commenced on the 10th of May, with the primary focus being observing petri
dishes containing solely the material samples following inoculation with fungi. However,
the humidity levels were significantly low, measuring approximately 25%. To reach the
required level of humidity, which is 45%, a quantity of cotton wool was thoroughly satu-
rated with (2 to 4) water sprays. Subsequently, this wet cotton wool was placed alongside
a sample in a petri dish (Figure 3). A susceptible wireless transmitting sensor was incor-
porated within the same petri dish to measure relative humidity (RH) levels and indoor
air temperature (Figure 4). Specifications of the used instrument are shown in Table 2. A
45% RH threshold was successfully achieved on the 7th of June. To maintain the desired
humidity level of approximately 45%, the samples were kept under observation, and the
cotton wool was consistently re-sprayed each time the samples were assessed.

 
Figure 3. Incubation setup.

 
Figure 4. Humidity- and temperature-measuring devices were used in the experiments.
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Table 2. Specifications of the instrument used to measure relative humidity and air temperature.

Investigated Variable Specifications of the Measuring Tool

Indoor air temperature

Temperature sensor
Indoor temperature range: 0 to 50 ◦C

Accuracy: ±0.6 ◦C
Resolution: 0.1 ◦C

Update interval: every 31 s

Relative humidity

RH sensor
Indoor humidity range: 10% to 99%

Accuracy: ±3% RH
Resolution: 0.1% RH

Update interval: every 31 s

2.3. Incubation

Samples were incubated for seven weeks, from the 7th of June to the 25th of July.
Throughout this time, meticulous measures were implemented to maintain optimal con-
ditions for the experiment, specifically by regulating the room temperature to fall within
the range of 18 ◦C and 19 ◦C. Furthermore, humidity levels were carefully controlled to
fluctuate between 45% and 50%. These specific parameters were selected due to their suit-
ability in fostering the growth of fungi within the study area and to ensure the simulation
of indoor environmental conditions of typical buildings in Jordan.

The temperature and humidity conditions of the incubation process during the experi-
ment are presented in Table 3. The experiment, which spanned 49 days, was subject to an
unwavering commitment to precision and accuracy, ensuring that the data obtained would
be reliable and robust.

Table 3. Temperature and humidity conditions of the incubation process.

Week #1 Week #2 Week #3 Week #4 Week #5 Week #6 Week #7

From 7/6 to
13/6

From 14/6
to 20/6

From 21/6
to 27/6

From 28/6
to 4/7

From 5/7 to
11/7

From
12/7 to

18/7

From 19/7
to 25/7

Average Relative Humidity 45% 49% 46% 45% 43% 43% 40%

Average Room Temperature 18 ◦C 18.9 ◦C 19 ◦C 18.3 ◦C 18.7 ◦C 19.1 ◦C 18.4 ◦C

2.4. Macroscopic and Microscopic Examination

The samples were examined macroscopically during the 7th week for visual signs
of mycelial growth or spores. After a long examination period, substantial results were
recorded to facilitate comparison.

2.5. Microscopic Observation

Samples were swabbed properly from all sides of the specimen with a wet swab, and
the swab was then mixed in a drop of the lacto phenol blue stain and placed on a clean and
dry microscopic slide. The smear was then covered with a cover slip and observed under a
bright field microscope at 400× magnification.

2.6. Environmental Post-Occupancy Evaluation for the Experimental Rammed Earth Building

An experimental rammed earth building was constructed in the study area using the
optimized mixture with the least fungal growth. An environmental post-occupancy study
was conducted during the winter season, between December 2022 and March 2023, to
assess fungal growth. The indoor air temperature and relative humidity levels inside the
building were measured using a susceptible instrument (Table 4). The tool was calibrated
according to the manufacturer’s instructions and ANSI/ASHRAE 55 specifications [42]
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and was firmly positioned within the confines of the room to measure and document the
readings accurately.

Table 4. Specifications of the instrument used to measure indoor environmental conditions.

Investigated Variable Specifications of the Measuring Tool

Indoor air temperature

Temperature sensor
Measuring range: −10~60 ◦C

Accuracy: ±0.6 ◦C
Resolution: 0.1 ◦C
Time interval: 5 s

Relative humidity

RH sensor
Measuring range: 0.1~99.9%

Accuracy: ±3% RH (at 25 ◦C, 10~90% RH)
Resolution: 0.1% RH

Time interval: 5 s

3. Results

The experiment mentioned above was conducted to ascertain if specific combinations
of construction materials are susceptible to fungus development. After infecting the samples
with fungi, the results obtained are as follows.

During the second and third weeks, specifically from the 16th to the 24th of June,
morphological alterations were observed on the surface of the samples labeled (1A), (2B),
and (4D), as shown in Figure 5. It should be noted that fungal growth was observed in the
wet cotton wool in petri dishes on the 16th of June.

On the 24th of June, when the relative humidity stood at 45%, and the room tempera-
ture was recorded as 18.3 ◦C, fungal growth at the surface of samples was rated based on
the scale established by Johansson et al. in 2012 [38]. The samples labeled (1A) and (4D)
received a rating of 2 due to minimal growth. On the other hand, the sample (2B) received a
rating of 1, signifying the commencement of growth. The remaining three samples, labeled
(3C), (5E), and (6F), were rated 0, indicating the absence of any mold growth, as presented
in Figure 6.

Careful observations were made on the 25th of July. It was noted that the growth of
fungi exhibited an irregular distribution pattern when the relative humidity was 40% and
the room temperature was 18.4 ◦C. Among the notable instances, one can point to the back
side of the samples marked as (1A) and (4D), both of which were assigned a rating of 3 due
to the significant extent of their fungal growth. Furthermore, it was observed that sample
(2B) displayed limited growth, leading to its classification as a level-2 rating. Conversely,
samples (3C), (5E), and (6F) had no fungal growth, resulting in their designation as a rating
of 0, as demonstrated in Figures 7–9.

The microscopic examination of fungal growth of materials labeled (1A), (2B), and
(4D) was carried out at the end of week 7 to gain detailed insights. It was noted that a
substantial amount of fungal growth was observed on mixtures (1A) and (4D), compared
to the mixture type (2B), which showed a minimal amount of such growth. This clear
distinction was visually evident and was further substantiated by the data presented in
Figure 10. These empirical findings corroborated the visual observations made on the same
samples.

It is worth noting that the microscopic analysis did not reveal any evidence of fun-
gal growth on the mixture type (3C). After the laboratory test, the optimized stabilized
mixture type (3C), which includes 50% soil, 15% acrylic-based additive, 15% quicklime,
and 20% Portland cement, was employed to construct an experimental rammed earth
building within the designated study area. This mixture also yielded the highest com-
pressive strength of 4.39 MPa according to laboratory structural examinations at an earlier
phase of the current study [41]. The building consists of three rooms, each with a wall
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width measuring 40 cm and a total height measuring 4 m. The building was completed in
August 2022.

Figure 5. Macroscopic changes on the surface of the samples (1A), (2B), and (4D) during weeks
2 and 3.
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Figure 6. Morphological changes on the surface of the samples (3C), (5E), and (6F) during weeks
2 and 3.
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Figure 7. Detailed fungal growth on materials (1A), (2B), and (3C) at the start and end dates of the
laboratory test.
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Figure 8. Detailed fungal growth on materials (4D), (5E), and (6F) at the start and end dates of the
laboratory test.
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Figure 9. Rating scale of fungal growth on materials at the middle of week 3 and the end of week 7 of
the laboratory test.

Figure 10. The microscopic observation of fungal growth in week 7.

During the winter season, between December 2022 and March 2023, an environmental
post-occupancy study was conducted to assess fungal growth based on the achieved
thermal conditions. Readings of the indoor air temperature and relative humidity levels
inside the building are presented in Table 5.
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Table 5. Air temperature and relative humidity conditions of the constructed building.

December 2022 March 2023

Indoor Air
Temperature

Indoor Relative
Humidity

Indoor Air
Temperature

Indoor Relative
Humidity

Room 1 26.1 ◦C 38.4% 23.2 ◦C 38.7%

Room 2 26.7 ◦C 35.8% 23.5 ◦C 34.4%

Room 3 27.9 ◦C 34.7% 24.1 ◦C 35.2%

Based on the extensive examination conducted during that specific timeframe, findings
indicated that the optimized combination employed did not exhibit any signs of fungal
proliferation on the inner walls, as depicted in Figure 11.

Figure 11. External and internal views of the constructed rammed earth building.

4. Discussion

Although straws or plants were used historically in earth construction materials, this
research did not utilize such additives, as they are significant causes of fungal growth due
to the carbon and cracks which may increase moisture [35,39,40].

Laboratory tests were conducted on six mixtures under conditions found in inhabited
buildings in hot–arid regions, where fungal growth is expected. The proposed methodol-
ogy suggested an artificial incubation of fungi cultured from existing moldy walls. The
procedure started with decontamination by exposing samples to high temperatures. Al-
though previous studies suggested more effective methods to remove mold, such as gamma
rays [36], the decontamination method was helpful in terms of time and cost.

After that, fungi were inoculated and added to the samples, then placed under a
consistent relative humidity factor (45%) achieved using wet cotton wool. The incubation
of samples lasted seven weeks by regulating the room temperature to fall between 18 ◦C
and 19 ◦C and maintaining a controlled humidity level between 45% and 50%. These
specific parameters were selected due to their suitability in fostering the growth of fungi
within the study area and to ensure similar indoor environmental conditions in typical
buildings in Jordan.

Although natural inoculation represents actual circumstances in buildings, artificial
sourcing of fungal cultures from moldy walls is faster and is preferred by scholars [17,43].
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This requires incubating cultured samples for a week at room temperature (24 ◦C) and a
constant relative humidity of 45%. However, placing wet cotton wool near the samples and
spraying it regularly can maintain the required humidity.

The incubation time of 7 weeks was enough to determine the fungal growth; al-
though, several studies determined a range of 6 to 30 weeks to implement the test [17,36].
The results showed that fungi grew more efficiently on soil mixtures, including higher
percentages of soil and lower percentages of additives. Mixture type (1A) consists of
80% soil, 5% acrylic-based additive, and 15% quicklime; mixture type (4D), was composed
of 100% soil; and mixture type (2B), consists of 65% Soil, 15% acrylic-based additive, and
15% cement, and they all approved this claim. Mixtures (1A) and (4D) scored the highest
rate of fungal growth; however, they had a lower intensity of fungal growth on the surface
of mixture type (2B).

Mixtures that were stabilized with both quicklime and ordinary Portland cement
revealed they were the best choice of soil mixtures. These additives could reduce the
cracks and roughness of surfaces, so water accumulation would not be a source of mold
growth [44]. These results agreed with previous studies that using Portland cement en-
hances materials’ durability against water erosion and reduces surface degradation [26,28,45].
Furthermore, adding 15% of acrylic-based additives can protect the mixture against
dampness [29].

Compared to the most used concrete mixtures in contemporary buildings, the study
showed that the optimized mixture, type (3C), composed of 50% soil, 15% acrylic-based
additive, 15% quicklime, and 20% Portland cement, can be used as a green, efficient
replacement. No fungal growth was observed on the surface of the mixture. Moreover, the
post-occupancy evaluation of the constructed building using mixture type (3C) proved that
no fungal growth was spotted on the interior walls because of the environmental comfort
conditions achieved by the utilized rammed earth materials. Although it is essential to
perform the tests in high humidity conditions close to 90% [17], this setting is challenging
to obtain and maintain in hot–arid regions. A future study in which proper funding is
available would allow such an experiment. However, the humidity values studied cover
the humidity range in residential buildings in the study area, based on the profile of
environmental readings from previous studies.

5. Conclusions

This study investigated mold growth on the surface of earth constructions in the
hot–arid region of Jordan. In addition, it explored the impact of adding cement, limestone,
and a fast acrylic-based bond to the mixture on fungal growth resistance. Observations
after seven weeks, under a regulated room temperature ranging between 18 ◦C and 19 ◦C,
and a controlled humidity level between 45% and 50%, which covers the environmental
conditions of residential buildings in the study area, showed that the growth of fungi was
exhibited on mixtures that included higher percentages of soil and lower percentages of
additives. Mixtures stabilized with quicklime, ordinary Portland cement, and acrylic-based
additives were revealed as the best soil mixtures, which showed no fungal growth. The
sample composed of 50% soil, 15% acrylic-based additive, 15% quicklime, and 20% Portland
cement was put to the test in a rammed earth construction project and proved to be suitable
for use as a green, sustainable, and efficient replacement after post-occupancy evaluation.
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Abstract: To bridge the gap between lab-scale microcosm research and field application in the
compound-specific stable isotope analysis (CSIA) of atrazine, we studied the characteristics of carbon
and nitrogen isotope fractionation in the atrazine degradation processes within a constructed wetland.
In the wetland, we observed multiple element (C, N) isotope fractionation parameters, such as kinetic
isotope effects and dual isotope slopes. These parameters are very consistent with those observed in
the cultivation of AtzA- or TrzN-harboring strains, suggesting a similarity in the pathway and reaction
mechanism of atrazine biodegradation between the two settings. However, we recorded variable
carbon (εC : −3.2 ± 0.6‰ to −4.3 ± 0.6‰) and nitrogen isotope fractionation (εN : 1.0 ± 0.3‰
to 2.2 ± 0.3‰) across different phases. This variance could lead to an over- or underestimation
of the biodegradation extent of atrazine when employing the large or small enrichment factor
of the carbon isotope. Intriguingly, the estimation accuracy improved considerably when using
the enrichment factor (−4.6‰) derived from the batch cultivation of the pore water. This study
advances the application of CSIA in tracking atrazine biodegradation processes in ecosystems, and it
also underlines the importance of the careful selection and application of the enrichment factor in
quantifying the intrinsic biodegradation of atrazine in ecosystems.

Keywords: atrazine; carbon isotope; nitrogen isotope; compound-specific stable isotope analysis;
constructed wetland; biodegradation; degradation pathway

1. Introduction

The emergence of organic micropollutants, particularly pesticides, in aquatic envi-
ronments is a significant concern due to the potential risks they pose to ecosystems and
human health [1,2]. Among the extensively discussed pesticides, the herbicide atrazine
has garnered considerable attention [3,4]. Atrazine has been found to persist in the envi-
ronment [5,6] and has shown diverse toxic effects on soil microorganisms, plant growth,
aquatic organisms, and human health [3,7]. Assessing the degradation processes of pes-
ticides in the environment, however, can be challenging due to complex factors such as
dilution, sorption, desorption, and biotic and abiotic biodegradation [8]. Traditional meth-
ods relying on concentration monitoring often struggle to differentiate the reduction of
concentration between destructive and nondestructive processes, making it difficult to
assess the in-situ pesticide degradation.

Compound-specific stable isotope analysis (CSIA) has emerged as a monitoring ap-
proach that offers distinct advantages over traditional tools by enabling the differentiation
of competing environmental sinks [9]. CSIA takes advantage of the kinetic isotope effect
(KIE), which results in faster bond breakage for lighter isotopes (e.g., 12C) compared to
heavier isotopes (13C) during degradation. As a result, the remaining fraction of contami-
nants becomes relatively enriched in the heavier isotope as the degradation progresses [10].

Processes 2023, 11, 3252. https://doi.org/10.3390/pr11113252 https://www.mdpi.com/journal/processes74
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The average compound-specific isotope value (e.g., δ13C) of the remaining contaminant can
be used to quantitatively assess the in situ degradation extent according to the Rayleigh
distillation equation [11] when the isotope fractionation factors of the relevant reaction
processes are available [12]. CSIA also allows for the differentiation between transforma-
tion pathways (e.g., the hydrolysis vs. oxidative transformation of atrazine) [13,14] and
provides insights into the underlying biochemical reaction mechanisms [15,16]. Although
most CSIA studies of micropollutants have been conducted on the lab-scale cultivation of
monocultures [17,18], determining isotope effects for atrazine degradation using mixed
cultures and applying CSIA to pesticides in ecosystems remains limited [19,20].

Accurately measuring isotope fractionation parameters, such as the isotope enrichment
factor (ε) and kinetic isotope effects (KIEs), in field conditions remains a challenge. The
common approach for applying CSIA involves obtaining these parameters through batch
experiments in laboratory settings. Subsequently, these parameters are used to evaluate
the degradation extent of contaminants by combining the isotope signatures (e.g., δ13C)
obtained from field monitoring. However, significant variability in isotope enrichment
factors has been reported in the biotransformation processes of organic contaminants,
even in controlled laboratory settings. For instance, trichloroethylene exhibits εC values
ranging from −2.5‰ to −19.6‰ depending on the microbial species involved [21–23].
Likewise, the degradation process of dichloromethane exhibits significant variability [24],
as do the carbon isotope enrichment factors for the herbicide atrazine. Systematic CSIA
studies have been conducted on the lab-scale cultivation of different atrazine-degrading
microorganisms, such as atzA- and trzN-harboring bacterial strains [13,14,25,26]. The
carbon isotope enrichment factors vary from −0.5‰ to −5.5‰, even within the same
hydrolysis pathway of atrazine [20]. The isotope fractionation was found to be sensitive
to the bacterial species involved [27] as well as to the mass transfer and bioavailability
limitation of atrazine [26,28–30]. This raises the challenge of selecting a representative
isotope enrichment factor of atrazine for CSIA application in the field.

To bridge the gap between the lab-scale microcosm research and the field applications
of CSIA, the current study investigates isotope fractionation characteristics in atrazine
degradation processes within a two-stage vertical flow constructed wetland as a model
system. This research aims to advance our understanding of the isotope effects in atrazine
biodegradation processes in ecosystems and promote the application of CSIA in assessing
pesticide degradation in real-world environmental scenarios.

2. Materials and Methods

2.1. Configuration of the Bench-Scale Two-Stage Vertical Flow Wetland System

The hybrid wetland system setup is detailly described in our previous study [31]. In
brief, the wetland comprises two polyvinyl chloride tanks, A (L-W-H, 0.6 m-0.6 m-1.0 m)
and B (0.6 m × 0.6 m × 1.0 m) (Figure S1, Supporting Information). The tanks were filled
with gravel, sand, and a surface layer of soil to facilitate microbial immobilization and
growth. Additionally, Phragmites australis were planted in the tanks.

Four sampling ports were installed for pore water collection: in Tank A, ports were
placed at heights of 15 cm (S1) and 50 cm (S2) from the bottom, while in Tank B, ports
were located at 5 cm (S4) and 40 cm (S3) from the bottom. Atrazine-containing synthetic
wastewater was stored in a 70L tank and pumped into the system. The hybrid wetland
received wastewater in a vertical flow mode, allowing it to flow from the bottom to the top
of Tank A and subsequently cascade from the top to the bottom of Tank B.

The onset of wastewater supply to the wetland was defined as day 0. On days 51
and 57, a mixed culture of atrazine-degrading microbes was introduced into the hybrid
wetland. The experiment lasted 240 days and was divided into six phases based on varying
operational conditions, including the inflow of atrazine concentration, wastewater retention
time, and addition of atrazine-degrading mixed cultures (Table 1). The chemical reagents
and the synthetic wastewater composition are provided in the Supporting Information
file (SI).
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Table 1. The operation conditions of the hybrid wetland system at different phases. * Indicates the
start of microbial inoculation. The inflow concentration of atrazine was summed according to the
monitoring results of each sampling event.

Phases Dates
Duration

(d)
HRT
(d)

Inflow
(L/d)

Inflow Atrazine
Range (mg/L)

Inflow Atrazine
Average (mg/L)

I 1st March to 20th April 51 6 64 4.1 to 9.3 6.3 ± 1.4
II * 21st April to 7th June 46 6 64 4.9 to 15.6 9.9 ± 3.9
III 8th June to 19th July 42 6 64 15.6 to 19.3 17.4 ± 1.2
IV 20th July to 20th August 32 6 64 28.4 to 31.9 30.4 ± 1.1
V 21st August to 29th September 40 4 96 29.1 to 32.0 30.6 ± 0.8
VI 30th September to 21st October 29 2 192 28.8 to 32.8 30.5 ± 1.2

2.2. Bioaugmentation of the Wetland System Using Atrazine-Degrading Mixed Cultures

The mixed cultures of atrazine-degrading bacterial strains were introduced into the
wetland system to enhance the degradation capacity of atrazine in the hybrid wetland
system. These monocultures included Rhizobium sp. CX-Z, Rhizobium sp. (strains CS-1,
CS-2, CS-15, CS-X, and CS-Y), Stenotrophomonas sp., Enterobacter cloacae, Hyphomicrobium sp.,
and Cohnella phaseoli. These bacterial strains were isolated from the atrazine-contaminated
soils of a pesticide plant in Changxing county, China. The mixed cultures were further
detailed in Figure S2 of the Supporting Information (SI). The Rhizobium sp. CX-Z was
particularly significant, as it harbored the key degradation genes (atzA) involved in the
mineralization of atrazine. The gene sequences of these atrazine-degrading bacterial mono-
cultures were deposited in the NCBI database with the accession numbers of MH819518
and MK092988-MK092996.To prepare the bacterial inoculum, the atrazine-degrading mono-
cultures and mixed culture were cultured in mineral salt medium (MSM), then harvested
and resuspended in phosphate-buffered saline (PBS, pH 7.2–7.4). The compositions of
MSM and PBS were described in the Supporting Information (SI).

2.3. Cultivation of the Pore Water Taken from the Wetland System

To calculate the isotope fractionation factors of atrazine degradation in the mixed
cultures of atrazine-degrading microbes within the wetland, pore water was collected
from sampling port S1 on day 110. An amount of 2.0 L of the pore water was used and
it was filtered using a 0.8 μm filter to eliminate suspended particles. The filtered water
was then incubated at 30 ◦C with 300 rpm of shaking to stimulate bacterial growth. The
bacterial growth was approximated by monitoring the optical density (OD600) in the
cultivation process. The concentration of atrazine and the metabolites were examined using
the high-performance liquid chromatography with diode-array detection (HPLC-DAD)
system. Furthermore, changes in the carbon and nitrogen isotope signatures (δ-values)
were tracked throughout the cultivation process. This measurement was done using the gas
chromatograph-coupled combustion isotope ratio mass spectrometry (GC-C-IRMS) system.

2.4. Quantification of Atrazine and the Transformation Metabolites in Pore Water of the Wetland

Aquatic samples were collected from the inflow, outflow, and four sampling ports of
the hybrid wetland system to quantitatively analyze atrazine and its main metabolites. The
analytical procedure was performed using the HPLC-DAD system (LC-20 series system,
Shimadzu), with conditions adapted from previous studies [29,32]. A C18-AR column
(5 μm, 250 × 4.6 mm) was used for the separation of atrazine and its degradation products.
The initial elution gradient consisted of a 30% acetonitrile and 70% KH2PO4 buffer (1 mM)
with a flow rate of 0.8 mL/min. The acetonitrile percentage increased linearly to 55% within
8 min. The acetonitrile gradient then increased to 90% over the next 17 min (held for 3 min).
The initial conditions were restored within 4 min, and the column was left to equilibrate
for another 3 min. To quantify atrazine and its metabolites, an external standard working
curve was employed. Atrazine and the metabolite 2-hydroxyatrazine were measured at
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a wavelength of 220 nm, and while cyanuric acid, another metabolite, was measured at
213 nm.

2.5. Compound-Specific Carbon and Nitrogen Isotope Signature (δ13C, δ15N) Analysis of Atrazine

The preconcentration of the collected pore water was performed after filtering by the
0.22 μm filter. The filtered aquatic samples were then subjected to a solid-phase extraction
(SPE) (CNW LC-C18 SPE tubes 500 mg) to achieve a final concentration of approximately
200 mg/L in ethyl acetate. The procedures for the SPE are detailed in the supplemental
information (SI). Table S1 in the SI confirms that significant isotope effects did not occur
during the SPE procedures. The analytical conditions of the carbon and nitrogen isotopes
of atrazine were adapted from previous study [33], and were performed using the GC-
C-IRMS system (Ultra gas chromatograph-coupled Finnigan MAT 253 isotope ratio mass
spectrometer with Combustion III interface). The injection was conducted at 250 ◦C with a
flow rate of 1.0 mL/min helium (Grade 5.0). The oven temperature program was initially
at 40 ◦C (held for 1 min), followed by a rate of 50 ◦C/min, then led to 100 ◦C (held for
5 min), and subsequently increased to 250 ◦C (held for 5 min) at a ramp of 5 ◦C/min. Both
the carbon and nitrogen isotope signatures were shown as δ-value in ‰ relative to the
international reference standard Vienna Pee Dee Belemnite (VPDB) for carbon and the Air-
N2 for nitrogen according to Equation (1) [34], where Rs and Rref represent isotope ratios of
the samples (for carbon and nitrogen element (E)) and the international reference standards.

δE(‰) =
Rs − Rre f

Rre f
× 1000 (1)

2.6. Calculation of Stable Isotope Fractionation

The carbon and nitrogen isotope enrichment factors (εC, εN) in atrazine degrada-
tion processes were calculated through linear fitting of the Rayleigh distillation equation
(Equation (2)) [11]. The Rayleigh model directly relates the initial concentration of contami-
nants and the isotope signatures (δ-value) (e.g., c0, δ13

0 C) at the beginning of the reaction to
the values observed at reaction time t (ct, δ13

t C):

ln
(

δt + 1000
δ0 + 1000

)
= ε × ln

(
ct

c0

)
(2)

Subsequently, the isotope enrichment factor in bulk can be converted to the apparent
kinetic isotope effect (AKIE) according to the empirical formula (Equation (3)) [35]:

AKIE =
1

1 + z· n
x ·ε

(3)

where n, x, and z are the number of atoms of each concern element, the atoms involved in
the active site, and competitive atoms in the reactive site, respectively. The simultaneous
application of the Rayleigh model to the carbon and nitrogen isotope can be shown as:

ln

(
δ13

t C + 1000
δ13

0 C + 1000

)
= εC·ln

(
ct

c0

)
(4)

ln

(
δ15

t N + 1000
δ15

0 N + 1000

)
= εN ·ln

(
ct

c0

)
(5)
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We can obtain the slope of the dual isotope plot (λN/C) since the remaining fractiona-
tion (f = ct/c0) of the contaminants for the carbon and nitrogen isotopes are the same:

λN/C =
εN
εC

=

ln
(

δ15
t N+1000

δ15
0 N+1000

)

ln
(

δ13
t C+1000

δ13
0 C+1000

) (6)

2.7. Quantitative Assessment of Biodegradation of Atrazine Based on CSIA

To assess the biodegradation extent of atrazine (BE) in the wetland system, the Rayleigh
model does the calculation independently on the concentration evidence. The BE value
was calculated using the originated carbon isotope signatures (δ13

0 C) as monitored at
sampling time t (δ13

t C), as well as the enrichment factors (εC) determined in the concern
reaction pathway:

BE(%) =

[
1 −

(
δt + 1000
δ0 + 1000

) 1
εC

]
·100 (7)

The BE values can subsequently be used to predict the atrazine concentrations at
each sampling event (ct), taken with the inflow atrazine concentration of the synthetic
wastewater as the initial value (c0):

ct = c0·
[

1 − BE(%)

100

]
(8)

3. Results and Discussion

3.1. Atrazine Degradation and Carbon Isotope Signature Changes in the Wetland

The performance of the hybrid-constructed wetland systems in removing atrazine was
examined by monitoring the concentrations of atrazine and its isotope signatures. Through-
out the whole experiment period, the atrazine concentration in the inflow wastewater
ranged from 4.1 to 32.8 mg/L. In phase I, an average of 6.3 ± 1.4 mg/L of atrazine entered
the system, while the average outflow concentration was approximately 4.8 ± 1.0 mg/L
during the initial 50-day experimental period (Figure 1). The data indicated a modest
decrease in the atrazine concentration after the wastewater passed through the system,
consistent with the low atrazine removal efficiency (RE) of 14.5% to 37.6% (excluding the
initial week) in phase I. This low RE aligned with the results reported by Runes et al. [36],
who observed an atrazine removal efficiency of 13% to 24% in constructed wetlands and
wetland sediment, averaging around 20%. During the first week of the experiment, the
atrazine concentration exhibited a substantial decrease, corresponding to a significantly
higher removal efficiency of atrazine (>90%) (Figure 1). However, one week later, the
RE values rapidly dropped to the 14% to 37% range. This swift decline can be primarily
attributed to the adsorption effects of the wetland’s sediment compartment, as adsorption
processes merely reduce atrazine concentration after achieving equilibrium. The findings
suggest a limited destructive attenuation of atrazine in the first stage, with non-destructive
processes playing a more significant role in its removal. This was further evidenced by
the outflow concentrations of the metabolites of hydroxyatrazine and cyanuric acid. Both
of these metabolites had outflow concentrations around 0.3 ± 0.2 mg/L in the first stage,
subtly hinting at a slight atrazine biodegradation. Additionally, the δ13C values associated
with the remaining atrazine in outflow fluctuated between −30.0‰ and −28.0‰ with a
mean value of −28.8 ± 0.7‰ in first phase (Figure 1). No considerable isotope fractionation
occurred during the 50-day period of experiment, based on the advised 2‰ analytical
uncertainty of the stable isotope analysis intended for this in situ study [37,38]. This minor
alteration in isotopic signatures aligns well with the minimal removal efficiency of atrazine,
confirming atrazine was primarily eliminated by abiotic procedures, such as adsorption to
the environmental matrix within the wetland. This is because isotope fractionation com-
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monly occurs during the degradation processes and, by contrast, exhibits limited isotope
fractionation during physical processes [15].

Figure 1. Changes of atrazine and its metabolites of hydroxyatrazine and cyanuric acid, as well as
the compound-specific isotope signatures in different operational phases.

Surprisingly, a significant decrease in the atrazine concentration occurred after intro-
ducing atrazine-degrading bacterial strains into the wetland system. The mean outflow
of atrazine concentration was quite low, ranging between 1.5 ± 0.4 and 4.2 ± 0.6 mg/L
(Table 2), despite the average inflow concentration of atrazine increasing from 9.9 ± 3.9
to 30.4 ± 1.1 mg/L. The corresponding removal efficiency (RE) of atrazine significantly
increased to a range between 60.9 ± 8.7% and 90.6 ± 4.1%. This efficiency is comparable
to that reported in studies of bioaugmented wetlands using two monocultures [39], with
an atrazine removal of 70% to 90%. The removal efficiency exceeded prior studies on
triazine herbicide removal within various constructed wetlands [40]. The high degree of
atrazine degradation can be attributed to the use of mixed cultures, further emphasized
by the accumulation of metabolites. For instance, the cyanuric acid and hydroxyatrazine
in the outflow rose from less than 0.3 ± 0.2 mg/L to 0.9 ± 0.5 mg/L and 1.8 ± 0.9 mg/L,
respectively, in the second phase. During operation phase IV, the average concentration of
cyanuric acid gradually increased to 6.8 ± 0.5 mg/L, and subsequently, 6.3 ± 0.8 mg/L.
This significant increase is associated with the atrazine degradation process. The rapid
accumulation of metabolic by-products indicates an active microbial degradation process
is occurring within the wetland [40].

During the biodegradation process of atrazine, notable changes in the isotope signature
were detected following the induction of mixed cultures. In the second phase, the δ13C
values ranged from −27.6 to −20.0‰ with a mean value of −24.8 ± 2.6‰ (Figure 1b),
with carbon isotope enrichment at approximately 5‰. Subsequently, the mean isotope
signature escalated to −20.1 ± 1.1‰ within a range from −21.6‰ to −18.8‰ in the third
phase, demonstrating a marked shift of around 10.0‰, and correspondingly, the RE values
peaked in this phase. Progressively, a modest decline in the δ-value was noted, correlating
with the reduction in RE throughout phases IV to VI. In phase IV, the δ-values fell within
a range of between −22.7‰ and −19.5 ‰ (mean −21.5 ± 1.1‰), followed by a range
between −25.0‰ and −22.0‰ in phase V (mean −23.8 ± 0.9‰), and finally in phase VI,
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a range between −26.3‰ and −24.8‰ was observed (mean −25.7 ± 0.7‰). The carbon
isotope enrichments were about 8.5‰, 6.0‰, and 4.2‰, respectively, relative to the inflow
isotope signatures. The patterns of isotope signature variations coincide well with the
changing trends in RE values, thus indicating their potential accuracy for quantifying the
biodegradation of atrazine accurately within the wetland.

Table 2. The atrazine concentration changes of outflow (Atz-outflow) and stable carbon isotope
signatures changes (δ13C) in different operational phases and the corresponding concentration-based
removal efficiency (RE) and CSIA-based biodegradation extent of atrazine (BE).

Phase
Atz-Outflow

Aver.
(mg/L)

Atz-Outflow
Range
(mg/L)

RE
Aver.
(%)

RE
Range

(%)

δ13C-Aver.
(‰)

δ13C-Range
(‰)

BE-CSIA
Aver. (%)

(ε = −4.6‰)

BE-CSIA
Range

(%)

I 4.8 ± 1.1 2.9–7.0 26.9 ± 6.9 14.5–37.6 −28.8 ± 0.7 −30.0–−28.0 32.1 ± 10.5 11.6–43.8
II 3.5 ± 0.9 2.0–4.6 60.9 ± 8.7 45.2–75.5 −24.8 ± 2.6 −27.6–−20.0 68.7 ± 15.1 44.5–90.6
III 1.5 ± 0.4 0.9–2.6 90.6 ± 4.1 76.9–95.4 −20.1 ± 1.1 −21.6–−18.8 90.1 ± 2.6 86.5–92.8
IV 4.2 ± 0.6 2.8–4.9 86.7 ± 2.0 84.4–90.8 −21.5 ± 1.1 −22.7–−19.5 86.5 ± 2.9 82.8–91.5
V 8.8 ± 1.9 4.9–11.3 72.0 ± 6.6 63.5–84.2 −23.8 ± 0.9 −25.0–−22.0 77.5 ± 4.7 71.4–85.3
VI 13.0 ± 0.9 12.0–14.3 58.4 ± 5.5 50.4–70.6 −25.7 ± 0.7 −26.3–−24.8 66.2 ± 5.0 61.7–72.2

3.2. Characteristics of Carbon and Nitrogen Isotope Fractionation in Different Operational Phases

To qualitatively assess the isotope fractionation in the biotransformation processes of
atrazine within the wetland system, carbon and nitrogen isotope signatures were measured
in phases II, III, and IV. This measurement was conducted by tracking the changes in
isotope signatures within the inflow, outflow, and four sampling ports of the wetland.
As depicted in Figure 2, the degradation process of atrazine led to an enrichment of the
heavy isotope 13C relative to the lighter 12C atom in the remaining atrazine at the outflow,
showing a normal carbon isotope effect. Specifically, the δ13C value increased from −31.2‰
to −24.9‰ alongside the decrease of atrazine concentration from 12.6 mg/L to 3.0 mg/L
during the sampling carried out in phase II (Figure 2a). Similar trends were noted in
phases III and IV, the δ13C values rose from −30.4‰ to −21.3‰ in phase III and from
−29.9‰ to −23.8‰ in phase IV, respectively, commensurate with the decrease in atrazine
concentration along the flow path (Figure 2b,c). Interestingly, however, the heavy nitrogen
isotope 15N showed depletion in the remaining atrazine in the outflow samples, suggesting
an inverse nitrogen isotope effect in the atrazine degradation process. The δ15N values
decreased from −2.0‰ to −4.4‰ in phase II and from −1.9‰ to −7.0‰ in phase III,
and subsequently decreased from −2.0‰ to −4.1‰ in phase IV, respectively, along the
flow path (Figure 2a–c). The corresponding carbon enrichment factor (εC) varied from
−3.2 ± 0.6‰ to −4.3 ± 0.6‰, whereas the nitrogen enrichment factors fluctuated between
1.0 ± 0.3‰ and 2.2 ± 0.3‰ throughout the three phases (Figure 2d–f).

The observed variability in isotope fractionation within the wetland ecosystem dis-
played divergences across different operation phases, suggesting differences in the bio-
chemical processes. An interesting contrast was observed in the degree of the nitrogen
isotope fractionation, which did not align with the fractionation of the carbon isotopes.
The significant enrichment factor of the carbon isotopes predominantly emerged in phase
II, while the nitrogen isotopes presented maximum enrichment during phase III. Clearly,
isotope fractionation based on this in situ data, when subject to Rayleigh linear fitting,
may potentially display bias. This can be attributed to the physical processes that result in
concentration changes of atrazine within the wetland ecosystem without fundamentally
altering the isotope composition. Moreover, the constraints on atrazine bioavailability
due to the mass transfer limitations at the pore scale may reduce the observed isotope
fractionation, in accordance with findings from previous studies [41]. For a more compre-
hensive investigation of the variation in isotope fractionation, pore water was extracted
from the wetland on day 110 and subjected to laboratory cultivation. As shown in Figure 3,
the atrazine experienced a rapid degradation during the cultivation processes, alongside
considerable shifts in both carbon and nitrogen isotope fractionation. A consistent pattern
of normal carbon and inverse nitrogen isotope fractionation was identified throughout the
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cultivation processes. The enrichment factor was calculated as εC = −4.6 ± 0.5‰ for carbon
and εN = 1.7 ± 0.1‰ for nitrogen in the degradation processes of atrazine, with a magni-
tude similar to the findings from phase II (Figure 2d). This suggests that the reduced carbon
isotope fractionation observed in phases III and IV may be attributed to the mass transfer
limitations of atrazine at the pore or cellular membrane scale. Nevertheless, the observed
isotope fractionation of carbon within the wetland remained within the range of between
−0.5‰ and −5.5‰ [20] that has been observed in laboratory cultivations. Likewise, the
nitrogen isotope fractionation fell within the range of between 0.6‰ and 3.3‰ [26]. Such
variations in single elemental isotope fractionation (εC, or εN) may introduce uncertainties
in accurately quantifying the microbial degradation processes within the wetland.

 

Figure 2. Stable carbon and nitrogen isotope fractionation in different operational phases. The left
panel illustrates carbon and nitrogen isotope changes accompanying the atrazine decay, and the
middle panel and right panel show the corresponding enrichment factors and dual-isotope plots.

Additionally, the stable carbon and nitrogen isotope fractionation patterns were consis-
tent with that shown in the cultivation processes of atrazine by monocultures in laboratory
settings [13,25,26], wherein normal carbon and inverse nitrogen isotope effects occurred
during the biotic hydrolysis of the s-triazine Cl atom [42]. Normal carbon isotope effects
typically indicate that the transition state is less constrained compared to the reactant.
This phenomenon was observed in the alkaline hydrolysis of atrazine, where both normal
carbon and nitrogen isotope effects supported the presence of a tightly bound nucleophilic
aromatic substitution transition state. In this case, the attacking nucleophile and the leaving
group are simultaneously bonded to the aromatic ring [43]. However, in contrast to these
observations, an inverse nitrogen isotope effect suggests a more rigid and restricted bond-
ing environment in the transition state compared to the reactant [44,45]. This indicates that
the reaction follows a stepwise mechanism in the hydrolysis pathway, with bond formation
and bond breaking occurring sequentially. The tighter transition state can be attributed
to the additional bonding to the aromatic N atom. For instance, the protonation of the
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aromatic N atom in the transition state can lead to a tighter transition state: the lone pair
of electrons on the heterocyclic ring N atom can act as a hydrogen bond acceptor and be
protonated by hydrogen bond donors, such as the hydrogen ion in an acidic solution, or
the hydrogen on the amino acid residue of the reactive site in an enzyme [42,46]. Therefore,
the normal carbon and nitrogen isotope fractionation patterns suggest that the microbial
degradation of atrazine in wetlands follows the pathway reported in the cultivation of
monocultures in laboratory settings. In this pathway, the protonation of the N atoms
embedded in the π−π system activates the heterocyclic ring, facilitating the nucleophilic
substitution of the Cl atom [42].

Figure 3. Stable carbon and nitrogen isotope fractionation in cultivation of pore water. (a) Con-
centration changes of atrazine the metabolites. (b) Carbon and nitrogen isotope signatures change
along with atrazine decay. (c) Linear fitting of carbon and nitrogen isotope fractionation accord-
ing to Rayleigh equation. (d) Linear fitting of C-N dual-isotope plot. Error bars represent the
standard deviation of triple measurements for one sampling event, filling areas shown at the 95%
confidence interval.

3.3. Reaction Pathway and Activation Mechanism of Atrazine Insight from Dual-Isotope Plots and
Kinetic Isotope Effects

A comprehensive two-dimensional isotope fractionation examination was facilitated
to astutely determine the microbial degradation process of atrazine. This investigation
focused on both the carbon and the nitrogen isotope, achieved through the simultaneous
measurement of carbon (δ13C) and nitrogen (δ15N) during different operational phases, as
graphically depicted in Figure 2. The effects of the non-fractionating processes and the
masking effects can be minimized in the dual-isotope plot, under the assumption that both
carbon and nitrogen will be affected similarly, thus, maintaining a constant ratio between
carbon and nitrogen isotope fractionation [9]. A dual-isotope plot was constructed to show
the relationship between the δ13C and δ15N values of atrazine at varying concentrations.
Through intensive analysis and the application of linear regression to the plot, the slope of
the regression line (λ) proffers notable insights into the preliminary activation mechanism
implicated in atrazine degradation. This method has been validated conclusively through
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previous lab microcosm experiments and applications in real-world settings, such as with
aromatic hydrocarbons, chloroalkane, and gasoline additives [47–50].

Regarding studies focusing on the herbicide atrazine, δ13C and δ15N measurements
were performed on various pure cultures known to possess atrazine degradation capabili-
ties [51]. These measurements uncovered distinct λ values, which were contingent upon the
specific bacterial strains involved and the degradation pathways followed. For instance, in
oxidative dealkylation processes facilitated by the bacterial strain Rhodococcus sp. NI86/21
or the cytochrome P450, a small positive λ value (0.36 ± 0.06) was observed during the
reaction processes [14]. Remarkably, this λ value is akin to those (ranging from 0.06 to 0.88)
reported for abiotic oxidative dealkylation processes using permanganate [52]. Conversely,
negative dual-isotope slopes were commonly observed in biotic hydrolysis processes me-
diated by bacterial strains containing enzyme AtzA or TrzN, as well as in acidic-assisted
abiotic hydrolysis processes, shown to have a wide range from −0.32 to −1.17 [51]. In this
study, based on the dual-isotope signatures detected in three sampling campaigns (phase
II, III, and IV), the slopes (λ) for the different phases were −0.37 ± 0.07, −0.48 ± 0.05, and
−0.34 ± 0.02, respectively (Figure 2g–i). These values fall within the reported range (−0.32
to −1.17) for the biotic hydrolysis of atrazine, and suggests the initial reaction pathway for
atrazine in the wetland is similar to the biotic hydrolysis of the Cl-C bond as reported in
monocultures of bacterial strains containing enzyme AtzA and TrzN [13]. Additionally,
the observed dual-isotope slopes fall within a narrow range between −0.34 and −0.48 and
align with those observed in Rhizobium sp. CX-Z and Pseudomonas sp. ADP, indicating that
these bacterial strains may play a key role in atrazine degradation in this wetland. This
finding is further supported by the increased abundance of Rhizobium sp. and Pseudomonas
sp. following the addition of mixed cultures (Figures S3 and S4).

To gain insight into the activation mechanism of atrazine, apparent kinetic isotope
effects (AKIEs) were calculated based on the empirical formula outlined in Equation (3).
Table 3 shows the derived AKIEC for various phases ranging from 1.026 to 1.038, with
an average value of approximately 1.032. This closely aligned with an established kinetic
isotope effect (KIE) value of around 1.028, typically observed during a dehalogenation
process involving an aromatic carbon [53]. These findings are consistent with the reported
KIE values ranging from 1.03 to 1.07, usually observed during a bimolecular nucleophilic
substitution (SN2 type) reaction involving a C-Cl bond [35]. A normal carbon KIEC effec-
tively indicates a weaker Cl-C bond within the transition states, representing the energy
difference between the initial reactants and the transition states, coherently corresponding
to the fundamental definition of the KIE [54]. Despite minor variations between the ap-
parent kinetic isotope effects across different phases, the AKIEC values support the theory
that the initial transformation of atrazine involves an SN2-type aromatic C-Cl bond break.
Further supportive evidence for the reaction mechanics is provided by the kinetic isotope
effects associated with nitrogen. A secondary inverse nitrogen isotope effect was observed
during different operational phases, with values ranging from 0.989 to 0.995 (average 0.992).
Such an inverse isotope effect implies that the bonding environment of the nitrogen atom
faces more constraints during transition states compared to the pre-reaction phase during
enzymatic reactions [55]. The AKIEN values observed in this study fall within the range of
0.984 to 0.997, as previously observed in the atrazine biodegradation by pure cultures [27].
Presumably, the inverse AKIEN likely results from the protonation of one aromatic N atom
of atrazine [42]. Therefore, these observed AKIEs of carbon and nitrogen suggest the initial
activation mechanism in the biodegradation process for atrazine involves the protonation
of an aromatic N atom in the molecule, then facilitates the SN2 type C-Cl bond cleavage
of atrazine.
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Table 3. Enrichment factors (ε) and apparent kinetic isotope effects (AKIEs) of carbon and nitrogen
isotopes, as well as the slopes of C-N dual-isotope plot monitored in different operational phases and
batch incubation of pore water from the constructed wetland. Batch represents the data observed in
the cultivation of pore water taken from the wetland.

Phases ε (C)-‰ ε (N)-‰ AKIE-C AKIE-N λ = δ15N vs. δ13C

II −4.3 ± 0.6 1.8 ± 0.2 1.036 ± 0.005 0.991 ± 0.001 −0.37 ± 0.07
III −3.7 ± 0.6 2.2 ± 0.3 1.031 ± 0.005 0.989 ± 0.001 −0.48 ± 0.05
IV −3.2 ± 0.6 1.0 ± 0.3 1.026 ± 0.005 0.995 ± 0.001 −0.34 ± 0.02

Batch −4.6 ± 0.5 1.7 ± 0.1 1.038 ± 0.004 0.992 ± 0.000 −0.34 ± 0.05

3.4. Quantification of Atrazine Biodegradation in the Wetland using Carbon Isotope Signatures

The extent of the inherent biodegradation of atrazine [BE] within the hybrid wetland
was meticulously evaluated using stable carbon isotope signatures obtained from each
sampling event. This assessment followed the foundation laid out by the Rayleigh model
(Equation (7)). Integrating various carbon enrichment factors from recognized transforma-
tion pathways coupled with current study data allowed us to make an informed evaluation
of the biodegradation extent. (Figure 4). We estimated the biotic hydrolysis of atrazine
using a range of values, with −0.5‰ being the lower limit and −5.5‰ being the upper limit.
Additionally, the intermediate values of −3.7‰ (from Phase III) and −4.6‰ (from batch
cultivation) were factored into the analysis. The predicted BE values based on these calcula-
tions then served as a significant indicator to forecast the outflow atrazine concentration,
with the inflow atrazine concentration as the initial reference point (Equation (8)).

 

Figure 4. Carbon isotope signature change in the 240-days-long experimental period and the CSIA
predicted outflow atrazine concentration (a), as well as the CSIA-based biodegradation extent (BE)
changes throughout the whole experiment (b).

84



Processes 2023, 11, 3252

As shown in Figure 4b, the biodegradation extent (BE) at each sampling event was
calculated using the selected carbon enrichment factor and the difference in δ13C values
between inflow and outflow samples. Utilizing smaller enrichment factors such as −0.5‰
and 2.0‰ resulted in BE values significantly exceeding the RE value for the entire ex-
perimental period. This implies a likely overestimation of the atrazine biodegradation
within the wetland when using small enrichment factors. Meanwhile, applying the median
enrichment factor of −3.7‰ produced a notable gap between the predicted BE and the
concentration-based RE for the whole experiment. This suggests that even medium enrich-
ment factors could overstate the inherent biodegradation potential of atrazine within the
wetland. Interestingly, using the enrichment factor of −4.6‰ obtained from the batch culti-
vation of the pore water showed considerable improvements in the estimation. The yields
of BE values corresponded well with the RE values from phases III and IV but differed
from those observed in phases I, II, V, and VI. The most compelling agreement between
the CSIA-based BE and the concentration-based RE was shown in phases III and IV, with
BE scatter almost mirroring the RE line. Contrarily, in phases II, V, and VI, the BE scatter
exceeded the RE line, while the differential between the average values of BE and RE was
less than 10% for the majority of samples (Table 2). This suggests that assessing the inherent
biodegradation extent of atrazine with a high accuracy is achievable when degradation
exceeds 80%, using the enrichment factor derived from batch cultivation. Nevertheless,
this method would overestimate the degradation extent of atrazine when degradation
fell below 80%. Considering the largest enrichment factor, −5.5‰, the BE values aligned
well with the RE calculated from phases I and VI, while they were considerably smaller
than the RE values in phases II to V. This indicates an underestimation of the inherent
degradation of atrazine when a high percentage of atrazine is removed from the wetland.
This further suggests the inapplicability of the largest enrichment factors for assessing
atrazine degradation in wetland systems.

The concentrations of the outflow atrazine were then calculated from carbon isotope
signatures as depicted in Figure 4a. With the use of lower and medium enrichment factors
(−0.5‰, −3.7‰), the scatter points significantly differed from the measured atrazine
concentration, with the majority of scatter points falling outside the 90–110% range of the
measured concentration, barring the points in phase I and III. In contrast, using the larger
enrichment factor (−5.5‰) led to the majority of scatter points falling within the 90–110%
range of the observed atrazine, specifically for phases I, II, V, and VI. Yet, in phases III
and IV, where the removal efficiency plateaued, most of the scatter points fell outside the
90–110% range of the measured atrazine. This suggests that using the highest enrichment
factor underestimates the atrazine degradation when substantial atrazine removal is taking
place, but is accurate in estimating when there is lower-level atrazine degradation within
the wetland. Regarding the enrichment factor (−4.6‰) obtained from batch cultivation,
the scatter points predominantly fell within a 90–110% range around the outflow atrazine,
with phase III being an exception. It is crucial to note that the maximal enrichment factor
is commonly utilized when quantifying the extent of biodegradation [56]. Nonetheless,
solely depending on this method to evaluate the degradation of specific compounds, such
as atrazine, in constructed wetlands could result in an underestimation. These findings
illustrate that the enrichment factor determined from the batch cultivation of pore water
offers a more representative model when estimating the in situ degradation of atrazine in
an ecosystem.

4. Conclusions

This study investigated the characteristics of the carbon and nitrogen isotope frac-
tionation of atrazine degradation within a constructed wetland. The dual-isotope (C, N)
fractionation pattern was consistent with those reported in the cultivation of atrazine-
degrading pure strains, confirming the validity of multiple element isotope analysis in
identifying the transformation pathway and activation mechanism of atrazine within the
wetland system. However, the variation in single element isotope fractionation underscores
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the necessity for careful selection and application of isotope enrichment factors when
quantitatively assessing atrazine degradation in ecosystems. This research bridges the gap
between microcosm study and the field application of the compound-specific stable isotope
analysis of atrazine, and enhances our understanding of stable isotope fractionation in the
biodegradation processes of atrazine within the ecosystem. Future studies could explore
the additional factors influencing single element isotope fractionation in ecosystems and
further refine the quantification strategy based on stable isotope fractionation analysis.
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Abstract: Excessive chemical substances in agricultural drainage water have serious adverse effects
on the ecological environment of the watershed into which they are discharged. Therefore, it
has attracted widespread attention from scholars worldwide. In this paper, 282 scientific articles
related to agricultural drainage water treatment are selected from the Web of Science Core Collection
database, and CiteSpace was used to visualize and analyze the knowledge map of this field. The most
productive authors, institutions, and countries in agricultural drainage water research are graphically
presented in this paper. Developing countries are becoming the core force in this realm of inquiry.
In addition, this paper explains the changes in research topics in this field over time and reveals
current research hotspots, including “desalination”, “denitrification”, and “phosphorus removal”.
Future research endeavors in using bioreactors and agricultural drainage water ditches for treating
agricultural drainage water are implied to become a research focus in this field. This paper also
emphasizes that future environmental protection research should increase case studies in developing
countries and develop corresponding solutions based on the actual situation of agriculture in rural
areas of developing countries.

Keywords: agricultural drainage water; visual analysis; CiteSpace

1. Introduction

Agricultural production inevitably results in the production of a certain amount of
agricultural drainage water. The excessive use of fertilizers and pesticides in agricultural
production has led to numerous water quality issues in watersheds affected by agricultural
drainage water. For example, the excessive amounts of nitrogen (N) and phosphorus
(P) in the water have exceeded their reasonable threshold ranges, directly leading to
eutrophication of the water, excessive algal growth, and fish death [1–3]. Currently, the
impact of agricultural drainage water quality represents a significant concern [4,5].

In response to this situation, scholars from around the world have proposed a series
of physical, chemical, and biological techniques to treat agricultural drainage water [6,7].
For instance, fertilizer management, cover crops, perennial crops, groundwater manage-
ment, constructed wetlands, buffer strips, drainage ditches, saturated buffer zones, and
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bioreactors [8–14]. Among them, agricultural drainage water ditches and bioreactors have
received widespread attention from scholars worldwide due to their unique advantages.
Currently, research on agricultural drainage water treatment has evolved from a single
discipline to a multidisciplinary one, which emphasizes the strong contribution of research
developments in Engineering and Environmental Engineering to the study of agricultural
drainage water treatment.

Agricultural drainage water ditches represent a direct link between farmland and
natural water bodies, which play an important role in agricultural production [15–17].
In addition, agricultural drainage water ditches have been demonstrated to be suitable
tools for mitigating agricultural pollution. Previous research has indicated that vegetated
drainage ditches provide a suitable mechanism for the effective removal of nutrients, sus-
pended solids, and organic matter from water bodies compared to unvegetated drainage
ditches [18–23]. The cost of removing nitrates from agricultural drainage water using nitri-
fication bioreactors is low, making it another proven technology that has been successfully
applied in many places in addition to agricultural drainage water ditches [24]. In summary,
although the environmental cost of agricultural drainage water is high, and the treatment
methods are diverse, it is unquestionable that it can be used to help farmers achieve higher
yields by controlling crop water status [25,26].

To date, few have investigated the entire knowledge domain of agricultural drainage
water treatment, including how they change over time and the potential factors influencing
such changes. To fill these research gaps, this paper downloaded all relevant English-
language scientific publications from the Web of Science Core Collection (WOSCC) and
visualized the research in the field of agricultural drainage water treatment using CiteSpace,
a literature metric software based on computational and statistical methods (Chen, 2017).
This paper visualizes knowledge graphs of countries, institutions, authors, disciplines, and
terms, aiming to provide a clear overview of the overall research status of agricultural
drainage water treatment, summarize and describe the current situation, predict possible
research focuses in the future, and provide some references for future researchers and
related policymakers.

2. Data Sources and Analytical Methods

2.1. Data Sources and Screening

Web of Science (WOS) is an accurate scientific and technical knowledge literature
indexing tool that provides insights into the most important areas of scientific and technical
research, and WOS is often considered one of the best sources of data collection for global
bibliometric analysis [27,28]. In addition, Web of Science and search tools such as Scopus
are of equal strength and have their own strengths, and the content of search tools such
as Scopus also overlap with Web of Science. Therefore, we chose Web of Science as our
literature search tool [29–31].

The data sources used for the recent study were the Science Citation Index Expanded
(SCIE), the Emerging Science Citation Index (ESCI), the Social Science Citation Index
(SSCI), the Citation Index to Conference Proceedings-Science (CPCI-S), the Citation Index
to Conference Papers-Social Sciences and Humanities (CPCI-SSH), Current Chemical
Reactions (CCR-Expanded), and the Index Chemist (IC) under the umbrella of WOS Core
Collection (WOSCC) databases. The data were obtained on 1 March 2023.

The search keywords were as follows: (TS = (“agricultural drainage water” OR “agri-
cultural drainage” OR “farmland drainage”)) AND TS = (“purification” OR “purify” OR
“decontamination” OR “treatment” OR “remove” OR “dispose” OR “remediation”). We
obtained 311 literature records, and from the data obtained above, we refined the data
by removing “revised” literature and selecting the literature language as “English”. The
data were downloaded as plain text to form a local database and imported into CiteSpace
(6.1.R6.64-bit) http://cluster.ischool.drexel.edu/~cchen/citespace/download/ (accessed
on 25 January 2023) for automatic software de-duplication to obtain 282 documents and
the pre-processed data as the basis of our study.
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2.2. Analytical Methods

The emerging and innovative method for bibliometric investigations contains a visu-
alization of scientific contributions based on social network analyses and colored graph
theory. Among numerous tools/methods established for scientometric analyses, Java-based
software (CiteSpace) was used to visualize and map the scientific knowledge domain. It is
freely available software and was initially established at Drexel University in the United
States by Dr. Chen Chaomei [32]. Given the large number of publications we identified,
it would be difficult to manually extract their information, so it was necessary to use the
software. At the same time, CiteSpace has visualization capabilities that can help us solve
these problems [33]. Therefore, we chose the CiteSpace software (version 6.1.R6.64-bit) as
the main tool, thus providing a comprehensive analysis of the selected literature.

CiteSpace was used to explore publications and collaborative networks, agricultural
drainage water research development, and collaboration and distribution among countries,
research institutions, and authors. It was carried out by setting the node types in the
CiteSpace software to “country”, “institution”, “author”, “keyword”, etc., to achieve this
goal. Since a remarkable correlation exists between country and institution nodes (an
institution is a subset of a country), country and institution nodes were shown in the same
graph. The node type was changed to “Category” and the specialized software was used to
conduct a timeline analysis, which facilitated the visualization of the progression of the
research themes within the field. Modifying the node type configuration made it possible
to conduct a co-citation analysis. For this academic article, a co-citation was defined as the
occurrence in which papers A and B cited paper C. This method enabled the identification
of influential papers and the extraction of pertinent data from them. By “term” clustering
and co-occurrence analysis, it was possible to identify pioneering research and areas of
intense focus at various phases of the development of the field. The integration of these
analyses allowed for the identification of overarching trends in the evolution of agricultural
drainage water research and the forecasting of upcoming issues and advances requiring
future attention. The flow of data processing, as well as analysis of the article, is shown in
Figure 1.

 

Figure 1. Data processing and analysis flow of this article.
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3. Result and Discussion

3.1. Basic Situation Analysis
3.1.1. Publication of Papers at Different Stages

We analyzed 282 publications from 1 January 2000 to 1 March 2023 based on the
available data (Figure 2). The number of publications was divided into two stages. During
the 10 years, from 2003 to 2012, the number of publications accounted for only 39.4%
of the total, and no more than 10 papers were published in any year during this stage
except for 2003. Although this phase was not extensive in research, the acceptance of the
agricultural drainage water treatment definition and research methods laid the theoretical
foundation for subsequent studies. Consequently, the aforementioned 13-year duration can
be categorized as the developmental phase of research pertaining to farmland drainage.
Between 2013 and 2022, the number of published papers in the field of agricultural drainage
water increased to 7.7 times the number in 2013, accounting for 64.9% of the publications
during our study period. We call this the “high growth” agricultural drainage water
research phase. During this stage, research in agricultural drainage water has become an
active area of research for many scholars, with more than 10 papers published each year.
During the 4 years from 2018 to 2021, about 20 articles were published each year, especially
in 2018, a year in which the number of articles published reached a peak of 28 during the
research period. During this stage, some scholars conducted case studies on agricultural
drainage water [34,35]. Most scholars recognize that agricultural drainage water is the
largest part of pesticide-contaminated water, and therefore, removing all pesticides from it
is necessary. In the current study, the main focus is on the effects of different measures on the
migration and transformation processes of pollutants in drainage ditches [36]. Meanwhile,
some scholars have also focused on other related aspects, such as the effect of agricultural
drainage water on the greenhouse effect of agricultural systems [19].

Figure 2. Number of publications in the field of agricultural drainage water treatment per year from
2000 to 2023. The data for 2023 are until 1 March 2023.

As for 2023, the data for this year are not representative, since we only collected the
data until 1 March 2023.

3.1.2. Cooperation Networks

By analyzing the cooperation networks among countries and institutions, it was possi-
ble to identify key countries and research institutions with a large number of publications
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and a strong influence in the field of agricultural drainage water and to identify the coop-
erative relationships among them. We found two hundred and ninety-four institutions
from forty countries or regions involved in research on agricultural drainage water with
five countries and eighteen institutions publishing a more significant number of papers
(Figure 3).

Figure 3. Visualization result of the productive institution and country with their collaborative links.

We list the top 20 leading countries for articles related to agricultural drainage
water treatment in Table 1. Among them, the United States (Number of publications
[Count] = 142) and China (Count = 49) are the dominant countries. Figure 4 shows in detail
the top ten countries in terms of the number of articles issued in recent years.

Table 1. The top 20 active institutions for articles related to agricultural drainage water treatment.

Sr.No. Count Centrality Year Institution City Country

1 29 0.22 2002 USDA ARS Washington America
2 17 0.05 2017 Chinese Academy Science Beijing China
3 14 0.08 2000 University California Berkeley Berkeley America
4 14 0.04 2003 National Research Centre Paris French
5 12 0.16 2010 U.S Agricultural Research Service Washington America
6 12 0.05 2009 Iowa State University Ames America
7 11 0.00 2003 University California Riverside Riverside America
8 8 0.02 2015 Hohai University Nanjing China
9 8 0.02 2013 Aarhus University Aarhus Denmark

10 8 0.07 2000 University California Davis Davis America
11 7 0.02 2000 U.S. Geological Survey Reston America
12 7 0.00 2014 University Illinois Urbana America
13 6 0.02 2003 University California Los Angeles Los Angeles America
14 6 0.05 2017 University Chinese Academy Science Beijing China
15 5 0.10 2010 Alexandria University Alexandria Egypt
16 5 0.04 2006 Agriculture & Agri Food Canada Guelph Canada
17 5 0.04 2013 Tokyo Institute Technology Tokyo Japan
18 4 0.00 2000 University Waterloo Waterloo Canada
19 4 0.05 2004 Southern Illinois University Carbondale America

20 4 0.03 2000 California Department of Water
Resources Sacramento America
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Figure 4. Top ten countries in the area of agricultural drainage water treatment in terms of the specific
stack of publications in each year from 2000 to 2023. The data for 2023 are through 1 March 2023.

The top 20 active institutions for articles related to agricultural drainage water treat-
ment are listed in Table 2. The U.S. has a more significant number of research institutions on
agricultural drainage water, such as the USDA Agricultural Research Service, the National
Laboratory for Agriculture and the Environment (USDA ARS, 29 papers), the University of
California, Berkeley (14), the National Research Center (USA) (14), the U.S. Agricultural
Research Service (12), Iowa State University (12), and the University of California, Riverside
(11), etc. Each institution has published more than 10 papers in the above list of American
institutions. Among them, the USDA ARS ranks first in the number of publications in this
field in the U.S. and worldwide. In contrast, Chinese research results are concentrated in a
few major research institutions, such as the Chinese Academy of Sciences (17), Hohai Uni-
versity (8), and the University of Chinese Academy of Sciences (6). The Chinese Academy
of Sciences ranks first in terms of the number of publications in this field in China and
second worldwide.

From the perspective of cooperative networks, intermediary centrality is important.
Mediation centrality refers to the strength of the number of connections a node has with
other nodes in the network; high Mediation centrality represents that the node has a strong
influence within the network and is a critical node in the network relationships [33]. The
United States has the highest degree of centrality (Degree of centrality [Centr] = 0.55),
followed by China (Centr = 0.53). There is also a certain amount of cooperation between
the two countries. Furthermore, these two countries have also established cooperative
relationships with other countries, such as Egypt and Canada.

We analyzed the number of papers and collaborative networks among authors and
discovered that 524 authors are actively engaged in researching agricultural drainage water
(Figure 5). Among these authors, twenty-seven authors have published three or more
articles. A more detailed list of the top 20 active authors of articles related to agricultural
drainage water treatment is displayed in Table 3. Among these highly productive re-
searchers, Norman Terry from the University of California, Berkeley, was one of the earliest
to focus on this field. Z.H. Ye from the School of Life Sciences at Sun Yat-sen University in
China was one of the earliest Chinese scholars to study this area. In addition, three Chinese
Academy of Sciences authors have published two or more papers. The network of authors
resembles a sky filled with stars, appearing more scattered.
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Table 2. Top 20 dominant countries for articles related to agricultural drainage water treatment.

Sr.No. Count Centrality Year Countries

1 142 0.55 2000 USA
2 49 0.53 2009 China
3 30 0.36 2001 Egypt
4 16 0.00 2000 Canada
5 10 0.00 2013 Denmark
6 9 0.31 2013 Germany
7 7 0.01 2013 Japan
8 7 0.18 2006 Spain
9 7 0.00 2018 Italy

10 7 0.24 2008 Iran
11 6 0.00 2001 New Zealand
12 5 0.38 2003 Pakistan
13 5 0.17 2000 The Netherlands
14 4 0.00 2018 Czech Republic
15 4 0.00 2000 France
16 4 0.00 2005 Denmark
17 4 0.09 2007 Sweden
18 4 0.31 2002 Australia
19 3 0.00 2014 Korea
20 3 0.00 2009 England

Table 3. Top 20 active authors of articles related to agricultural drainage water treatment (note that
the year here refers to the time when this author’s first relevant article appeared during our search
using Web of Science).

Sr.No. Count Institution Authors Year

1 6 University of California Terry, N. 2000

2 5 USDA—Agricultural Research Service
National Sedimentation Laboratory Moore, M.T. 2008

3 5 University of California Frankenberger,
W.T. 2003

4 5 Alexandria University Fleifle, A. 2013
5 4 National Ground Water Association USA Allred, B.J. 2012
6 4 Southern Illinois University Edwardsville Lin, Z.Q. 2000
7 4 University of California Cohen, Y. 2006
8 4 Alexandria University Elzeir, M. 2013

9 4 Egypt-Japan University of Science and
Technology (E-JUST) Tawfik, A. 2013

10 3 Aarhus University Elsgaard, L. 2021
11 3 University of California Rahardianto, A. 2006
12 3 University of Bologna Blasioli, S. 2018
13 3 University of Bologna Braschi, I. 2018
14 3 University of California William, T. 2007

15 3 Iowa State University Christianson,
L. 2013

16 3 USDA—Agricultural Research Service
National Sedimentation Laboratory Cooper, C.M. 2008

17 3 Kansas State University Bhandari, A. 2013
18 3 University of California Mccool, B.C. 2010
19 3 University of California Zhang, Y.Q. 2004
20 3 Southern Illinois University Edwardsville Lin, Z.Q. 2006
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Figure 5. Visualization result of the productive authors with their collaborative links.

In contrast, the strong connections are shown by national and institutional collabo-
rations. Some small-scale fixed cooperative relationships demonstrate the emergence of
cooperative groups. Among them, the largest collaborative group is the University of Cali-
fornia Berkeley research group, with Norman Terry and other scholars as the core. Z. H. Ye,
a scholar from the School of Life Sciences at Sun Yat-sen University in China, collaborates
with the U.C. Berkeley research group centered on Norman Terry and other scholars.

3.1.3. Subject Evolution

Through co-occurrence analysis of the subjects in the publications, we constructed
a subject network for agricultural drainage water research, showcasing the evolution of
mainstream and interdisciplinary disciplines in this field (Figure 6, Table 4). In general, the
study of treating agricultural drainage water has evolved from being primarily focused
on environmental sciences and water resources to encompassing a range of disciplines. In
2000, agricultural drainage water research appeared in environmental science (Count = 177,
Centr = 0.39) and water resources (Count = 82, Centr = 0.35). At this time, it is well known
that frequent human agricultural activities and the widespread use of pesticides have led to
substantial agricultural water pollution and environmental pollution. In addition, with the
maturity of modern environmental ecology theories and methods, the use of environmental
ecology concepts and methods to solve the environmental problems caused by this situation
have become the focus of scholars.

Currently, environmental science and water resources are still the main topics of agri-
cultural drainage water research, accounting for 91.8% of the research papers in this field.
Since 2000, with the development of social economy, science, and technology, agricultural
drainage water treatment began to appear in engineering, environmental engineering, and
chemistry. Among them, the connection between agricultural drainage water research and
engineering is very close, so their intermediary centrality is high (Centr = 0.33).

Subsequently, agricultural drainage water treatment developed into a multidisci-
plinary approach. In 2004, research on agricultural drainage water treatment began to
appear in agriculture. Since 2006, agricultural drainage water research has appeared in
various natural or social disciplines, such as geography, energy, and economics. Soil science
(Count = 11, Centr = 0.77) and green and sustainable science and technology (Count = 7,
Centr = 0.08) also show a relatively high frequency and centrality. Certainly, the develop-
ment of various disciplines has contributed to the research process to some extent.
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Figure 6. Visualization result of the productive subject with their collaborative links (produced
by CiteSpace).

Table 4. The evolution of disciplines in the field of agricultural drainage water treatment (Top 20
by frequency).

Sr.No. Count Centrality Year Subject Category

1 177 0.39 2000 Environmental Sciences
2 82 0.35 2000 Water Resources
3 58 0.19 2001 Engineering, Environmental
4 31 0.12 2000 Ecology
5 25 0.33 2003 Engineering, Chemical
6 15 0.05 2006 Agronomy
7 13 0.01 2004 Agricultural Engineering
8 12 0.17 2000 Geosciences, Multidisciplinary
9 11 0.07 2000 Soil Science

10 9 0.01 2000 Engineering, Civil
11 9 0.11 2000 Marine and Freshwater Biology

12 8 0.00 2003 Meteorology and Atmospheric
Sciences

13 8 0.14 2002 Agriculture, Multidisciplinary

14 7 0.08 2001 Biotechnology and Applied
Microbiology

15 7 0.08 2006 Green and Sustainable Science and
Technology

16 6 0.00 2003 Toxicology
17 6 0.00 2003 Plant Sciences
18 4 0.24 2014 Chemistry, Analytical
19 3 0.00 2001 Microbiology
20 3 0.00 2003 Chemistry, Applied

3.2. Knowledge Base Analysis
3.2.1. Co-Citation Clustering

Co-citation analysis can assist in identifying the papers that are commonly read
and cited in agricultural drainage water treatment research. According to the statistical
information extracted from our data by CiteSpace, the 282 publications we analyzed cited
710 papers. Publications cited more than once are shown in Supplementary Materials
Table S1. By clustering the cited publications (based on their frequency) and selecting the
top five clusters, we were able to identify the knowledge base of agricultural drainage
water treatment research to some extent (Figure 7).
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(a) 

(b) 

Figure 7. Clustering of frequently co-cited literature in the field of agricultural drainage water
treatment. ((a) Clustering diagram of co-citations; (b) Timeline diagram of co-citation clusters,
produced by CiteSpace).

The “selenium fixation” cluster began in 1997. This is due to the fact that selenium
may be present in agricultural drainage, and selenium fixation through chemical and
biological reduction processes can remove selenium from agricultural drainage water and
address possible agricultural water pollution during the process [37]. Current research has
shown that plant uptake of selenium may be an effective means of removing selenium from
drainage sediments [38]. The cluster “dissimilatory selenium reduction” started in 2003
and lasted until 2008, ranking fourth among the clusters we analyzed. In addition, selenate
was also a common pollutant in selenium-containing agricultural drainage, which could be
converted into elemental selenium nanoparticles under the action of microorganisms [39].
To some extent, it further reflects the current attention paid to selenium in the field of
agricultural drainage water treatment.
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The largest cluster is “biochar”, which emerged from 2013 to 2021, lasting for 9 years.
At the same time, it also indirectly reflects the application of biochar in agricultural drainage
water treatment. To date, the utilization of biochar as a means of adsorbing pollutants in
agricultural drainage water continues to be a significant aspect of the agricultural drainage
water treatment process. Global scholars actively seek biochar types with higher adsorption
efficiency and relatively low cost. In this cluster, “biochar” is closely related to agricultural
drainage water treatment and has become a keyword in research papers. The “nitrate”
cluster lasted the longest (2006–2015) and focused on case studies such as the use of
denitrification bioreactors for reducing nitrate nitrogen in agricultural drainage [40].

The presence of vegetation in water bodies serves to purify pollutants, resulting in
the formation of a cluster known as a “vegetated drainage ditch”, which has demonstrated
a relatively prolonged lifespan. Agricultural drainage water is an important cause of
eutrophication in rivers, lakes, reservoirs, and coastal areas. The vegetated drainage ditch is
a promising technology for eliminating nutrients and suspended matter from agricultural
drainage. The results of some studies have shown that a vegetated drainage ditch is
comparable to an artificial wetland in terms of nutrients, and suspended and organic matter
treatment efficiency [11,41].

Meanwhile, keywords such as “green agriculture”, “green development”, and “sustain-
ability” provide ideas for the determination and implementation of agricultural drainage
water treatment methods.

3.2.2. Frequently Cited Literature

We found twelve papers with more than five citations in the co-citation graph (Figure 8),
which to some extent shows the development of the discipline to date, general patterns
of research, interdisciplinary cooperation, research patterns, and methods. The 12 most
frequently cited publications contribute to accumulating the knowledge base of agricultural
drainage water.

Figure 8. Map of frequently co-cited references in the field of agricultural drainage water treatment.

Among the 12 most frequently cited publications, 16.7% were journal articles that
provided a perspective or viewpoint of the literature review. Tournebize, Addy, and other
researchers mentioned solutions for nitrate removal in their articles, but they exhibited
variations in their approaches and proposed remedies [42,43]. Tournebize et al. analyzed
that specific substances and artificial wetlands effectively remove nitrate and pesticides
from agricultural drainage water [42]. Addy et al. used meta-analysis to synthesize the
first quantitative denitrifying wood chip bioreactor to assess nitrate removal under envi-
ronmental and design conditions from 26 published studies. In his paper, he points out the
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promise of denitrifying bioreactors as a strategy for degrading nitrate and reducing water
quality degradation in the treatment of agricultural drainage water and other wastewater,
while presenting his view on the orientation of future work in this field, thus becoming the
most cited publication (18 citations) [43].

The case study accounted for 66.6% of the 12 most frequently cited publications, and
these papers served as a reference for the methodology and content of the subsequent
research. Some scholars have pointed out that denitrifying bioreactors utilizing woody
material as a carbon substrate is highly effective in removing nitrate and ammonia nitrogen
from agricultural drainage water [44,45]. Hoover et al. evaluated the performance of biore-
actors under different controlled conditions, including woodchip age, hydraulic retention
times (HRTs), and temperature, among others, and their findings provided information to
help improve the design of woodchip denitrification bioreactors under specific climatic con-
ditions and existing NO3-N loads [44]. Hassanpour and Bock, among others, added woody
material and wood chip-biochar to the bioreactor during the experiment. They found that
adding biochar improved the removal of both NO3

− and P from denitrifying bioreactors
(DNBRs) and reduced N2O emissions [45,46]. This result suggests that variations in biochar
materials may improve the removal efficiency of pollutants such as bacteria, pesticides, or
drugs. This finding also opens up possibilities for future research on investigating internal
fill materials in bioreactors.

These scholars are still actively exploring more efficient methods for removing exces-
sive nitrate and ammonia nitrogen from agricultural drainage water [44–48]. The study
conducted by Feyereisen et al. replaced wood chip media with agriculturally derived
media to compare and test the nitrate removal rate (NRR) of denitrification bioreactors
under warm and cold temperatures. Using the temperature of early spring drainage in the
northern United States as the time point, some nitrate removal profiles could be expected
under field conditions at the first drainage, with agricultural-derived media performing
better than wood chips [44]. Kröger, Hoover, Hua, and others conducted case studies on
agricultural drainage water in the Midwest region, the Mississippi River, New York State,
and Iowa, respectively. Their research findings have provided references for subsequent
research [44,48,49].

The proportion of papers focusing on models and methods is 16.7%, which is not
high but still reflects the extent that scholars in this field are aware of the importance of
exploring innovative modeling methods. Among them, Ghaneet al. conducted experi-
ments on denitrification beds by modeling the treatment of agricultural drainage water
in denitrification beds, and the results showed that the greenhouse gas emissions on the
surface of denitrification beds were low. The model evaluation statistics showed a satisfac-
tory prediction of bed outflow nitrate concentration during subsurface drainage flow of
agricultural drainage water. The model provides a favorable value for designing efficient
denitrification beds, thus improving agricultural drainage water quality [50]. Mark B.
David et al. installed two temperature and substrate-controlled woodchip bioreactors
for the treatment of agricultural drainage water in the Shibras River watershed in east-
central Illinois, USA, which tested the performance of the nitrate load [51]. In addition, the
development of biological and chemical disciplines has provided important support for
agricultural drainage water research.

3.3. Research Topic Evolution
3.3.1. Hot Topics during Each Stage of the Discipline’s Development

Term co-occurrence indicates a situation where two keywords simultaneously appear
in multiple articles. The term co-occurrence analysis can reflect the frontiers and hot spots
in the research and evolution of agricultural drainage water treatment in different research
periods, thus revealing the hot changes in this research topic. We manually classified
thirty-four research topics (Supplementary Materials Table S2) into five categories based on
the terminology counted by the CiteSpace software (version 6.1.R6.64-bit), which appeared
five or more times: research purpose, research topic, research content, research method, and
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research factor. During the period spanning from 2000 to 2012, it was observed that while
the quantity of papers published annually did not reach significant levels, the quantity of
terms utilized was not insignificant. Between 2013 and 2023, along with the increase in
the number of papers, there was also an increase in the number of new terms (it should be
noted that the number of papers and terms in 2023 is low due to our data collection as of
1 March 2023). Between 2013 and 2023, 60.6% of articles of the total were published, and
the number of new terms in this period represents 50.8%. Despite the increase in research
papers, the number of new terms is particularly high due to some terms already having
been defined before 2013.

Among the studies on the treatment of agricultural drainage water that appeared from
2000 to 2012, 68.6% were related to “content”, followed by “factors” (18.4%) and “methods”
(7.65%). Themes and objectives received less attention, resulting in lower representation for
both categories. Terms classified under “topic” have been available since 2000, while there
are only 12 terms classified under “purpose”. From 2000 to 2012, the term “agricultural
drainage” appeared multiple times (71 times) and exhibited high mediating centrality
(Centr = 0.34), which serves as a significant node in terms of co-occurrence. Agricultural
drainage water emerged as a crucial theme throughout this phase. During this period,
the “removal of excessive selenite” from agricultural drainage [52] became a significant
research purpose and appeared multiple times. “Pretreatment” became a more important
methodological term in this phase, which reflects to some extent that researchers had
already considered pretreatment as a means of improving water quality in agricultural
drainage water treatment processes at an early stage.

From 2013 to 2023, the number of papers increased, as did the topic of agricultural
drainage water treatment research, with 42.5% of new terms appearing in this period.
“Research content” remains the most prominent topic of interest; it accounts for 74.5%
of the total number of terms in this period, while “research factors” remain the second
most popular (13.8%), but “research topic” and “research purpose” are still relatively small,
accounting for only 2.8% and 2.1%, respectively, while “research method” accounts for
7.9%. Nitrate removal (15 times, Center = 0.07) is the most important new term under
“research purpose” at this stage, indicating that researchers are very concerned about
how to efficiently remove excessive nitrate from agricultural drainage water, which, of
course, also indicates that “desalination” is still a focus of researchers, rather than only
existing in the early stage of this field of research [53,54]. In addition, water quality [55]
and removal efficiency [56] became two hot topics in this phase. Agricultural drainage
water (63 times, Center = 0.42) [57] was the most frequent and mediated centrality term
under the “research topic” category, reflecting the continuity and continued interest in
the research topic. Agricultural chemicals emerged as an important “research factor”. In
particular, the large-scale use of agricultural chemicals (pesticides) has become an important
factor in the pollution of agricultural drainage water. At the same time, the proportion of
“research purpose” is deficient, at only 2%, and the removal of pollutants such as nitrogen
and phosphorus from agricultural drainage water and the achievement of good overall
ecological benefits are the main purposes at this stage [41,58]. It also indicates that research
scholars are paying more attention to its impact on the overall ecological environment. In
terms of the “research method”, the chemical remediation method (e.g., activated carbon
adsorption of pollutants in agricultural drainage) and bioremediation method (e.g., plant
adsorption) [11] were used. Denitrification bioreactors [59], especially those based on wood
chips as a substrate [60] have also become a method of treating excessive substances in
agricultural drainage water.

3.3.2. Evolution of Term Clusters

By clustering the terms, we identified the top ten clusters (Figure 9). The timeline
mapping generated by CiteSpace shows that the longest-lasting cluster is “macrophyte-
based systems” (2000–2023), and it is also the largest cluster, which existed throughout
the study period (Figure 9b). The early terminology of this cluster is mostly agricultural
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in theme, such as agricultural land, agricultural run-off, and agricultural ditches. In the
middle of the cluster’s development, terms such as agricultural drainage water were
increasingly emphasized. Some scholars found differences in the nutrient mitigation
capacity of agricultural ditches with and without vegetation, which may also have an
impact on the sorption capacity of pesticide chemicals [61,62].

(a) 

 
(b) 

Figure 9. Clusters of agricultural drainage water treatment research based on the terms. ((a) clustering
diagram for term analysis; (b) timeline diagram for term clustering.).

“Nutrient removal”, “accelerated desupersaturation”, and “Sacramento-sanjoaquin
delta” are three clusters that were more important during the research period and will
remain important for a long time. The eutrophication of water in agricultural drainage
water is a common problem, and “nutrient removal” [63] primarily addresses the issue of
water eutrophication, such as removing excessive nitrates from agricultural drainage water.
Through the analysis of the cluster “accelerated supersaturation”, it was found that accel-
erated supersaturation has a certain impact on water treatment in agricultural drainage.
For example, Anditya Rahardianto et al. used a two-step chemically-enhanced seeded
precipitation (CESP) process, which was demonstrated for the accelerated desupersatura-
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tion of antiscalant-containing, gypsum-supersaturated model solutions, which mimicked
reverse osmosis (R.O.) concentrate from the R.O. desalting of agricultural drainage water of
high mineral scaling propensity. Experimental studies have demonstrated that accelerated
desupersaturation can enhance the recovery rate of agricultural drainage water [64]. The
cluster pertaining to the removal of selenate remains a significant area of investigation
among scholars, as evidenced by our observations on co-occurrence. Later, two relatively
small clusters emerged, “rural areas” (2010–2023) and “biological treatment” (2003–2016),
which also appeared relatively late. It is inevitable for “rural areas” to form top-ten clusters,
and agricultural drainage water primarily occurs in rural areas. Consequently, the water
environmental issues arising from it also require urgent attention and treatment. “Biological
treatment” has been favored by researchers as an important treatment method to deal with
excess pollutants in agricultural drainage water. Within this cluster, the term “wetland
system” has become a frequent term, and researchers have found that wetland systems
may effectively remove pollutants from agricultural drainage water [65].

4. Conclusions and Future Prospects

In this study, we conducted a comprehensive and systematic visual analysis of agricul-
tural drainage water treatment research by CiteSpace. We revealed the current status of the
field, as well as the characteristics of literature citations and research topics. Agricultural
drainage water treatment research has made some achievements in terms of theory, method-
ology, framework, and case studies. Developing countries have emerged as a new focus of
research. The research has evolved from laying theoretical foundations to practical applica-
tions and from a single-discipline focus on water resources to a multidisciplinary approach.

The study of the current status and characteristics of agricultural drainage water
treatment, along with a review of the current state of development and a summary of
the primary methodologies and frameworks, provides researchers with a basis on which
to focus and from which to draw conclusions. The removal of salts (nitrates, selenate),
particularly through denitrification bioreactors, has become an important research hotspot
in agricultural drainage water treatment. In the contemporary context of environmental
protection, the topics of salt removal, nitrogen removal, and phosphorus removal will
continue to be relevant for researchers and factors.

Based on our research findings, we propose the following directions for future re-
search, aiming to provide new insights for researchers and government managers, with the
confidence that they will be useful in decision-making:

(1) Currently, there is a higher prevalence of case studies in developed countries such
as the United States, while case studies in developing countries are relatively limited. In
the future, developing countries should conduct more case studies, drawing upon the
experiences of developed countries. Simultaneously, researchers should expand the scope
of case studies to include agricultural areas near urban regions, aiming to explore the
variations in pollution types and removal effectiveness between these areas and rural
agricultural development regions.

(2) Looking ahead, the overall goal of future research may shift from how to treat the
excess pollutants present in agricultural drainage water bodies to how to achieve good
overall ecological benefits through agricultural drainage water treatment.

(3) Achieving high-quality agricultural drainage water treatment in rural agricultural
development areas poses challenges for developing countries, influenced by various fac-
tors such as treatment costs. Currently, most agricultural areas in developing countries
adopt low-cost drainage ditches and natural ponds, while developed countries employ
bioreactors, large artificial ecological ponds, various types of drainage ditches, etc. It
is believed that measures and methods for agricultural drainage water treatment in de-
veloping countries will become more enriched with the development of the economy
and technology.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11102952/s1, Table S1: Publications cited more than once; Table S2:
Research topics.
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Abstract: The widespread use of tetracycline antibiotics in the poultry and cattle sectors endangers
both human health and the terrestrial ecosystem. Chlortetracyclines (CTCs), in particular, have been
proven to affect soil microorganisms in addition to plants in the terrestrial ecosystem. In order to
assess the effects of CTC on soil properties, eggplant growth, and soil microorganisms, a potted
experiment was carried out in this study. CTC significantly reduced the levels of ammonium nitrogen
(NH4

+–N) and nitrite nitrogen (NO2
−–N) in soil. Meanwhile, the eggplant’s growth was clearly

hampered. CTC dramatically and dose-dependently lowered the fluorescence parameters except the
quantum yield of non-regulated energy dissipation (ΦNO). Rhodoplanes and Cupriavidus, which were
involved in N cycle, were enriched by 10 mg/kg CTC, according to results about different microor-
ganisms at the genus level. Flavisolibacter was reduced by 10 and 50 mg/kg CTC, while Methylosinus
and Actinocorallia were enriched by 250 mg/kg CTC. Redundancy analysis highlighted the profound
impact of CTC on the soil microbial community, where strong correlations were observed with soil
potential of hydrogen (pH), nitrate nitrogen (NO3

−–N), and NO2
−–N. These findings demonstrated

the interdependence between the microbial community and soil characteristics, with CTC primar-
ily affecting the microbes responsible for nitrogen cycling. Consequently, chlortetracycline poses
potential hazards to both eggplant plants and the soil microbes in eggplant cultivation soil.

Keywords: chlortetracycline; plant growth; fluorescence parameters; microorganisms; nitrogen cycling

1. Introduction

Tetracycline (TC) antibiotics, one of the primary antibiotics groups, have been used
extensively in human and animal medicine to treat and prevent disease as well as to increase
growth rates in livestock and poultry industries [1]. The repeated and widespread use of
TCs has led to their accumulation in aquatic and terrestrial environments, subsequently
triggering detrimental secondary toxic effects on the non-target organisms [2]. Notably,
extensive soil sampling across several provinces in China has revealed alarmingly high
concentrations of TCs, with average levels ranging from 102 to 1687 μg/kg [3]. One of the
most prevalent TCs and frequently found in agricultural soils is chlortetracycline (CTC),
which has a higher adsorption coefficient value (Kd) [4,5]. It has been reported that CTC
concentrations ranged from 2.94 to 1590 μg/kg in agriculture soil of China [3,6,7]. In
2001, 4.6–7.3 μg/kg CTC were found in Northern Germany [8]. According to Lee et al.,
the predicted environmental concentrations of CTC in soil in the world were in a range
of 3.42–67.59 μg/kg soil, for a 90% confidence level [9]. Thus, China, in which the CTC
concentration is higher, faces more severe CTC pollution.

In terrestrial environments, the accumulation of TCs can produce toxic effects on
various components such as soil flora, fauna, and microorganisms [2,10,11]. Ma et al. [12]
found soil nitrification potential and dehydrogenase activity was greatly stimulated after
28 days exposure of 30 mg/kg OTC. The soil microbial community serves as the foundation
of soil ecological function and plays a vital role in soil nutrient cycling (such as carbon
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and nitrogen), soil fertility enhancement, and promotion of plant diversity [13,14]. The
introduction of TCs can create a selective pressure on bacteria, inducing antibiotic resistance
and subsequently altering the soil microbial community structure and function [15,16].
Zheng et al. [17] found tetracycline has a concentration-dependent impact on the structure
of soil bacterial community. OTC, one of TCs, also can significantly reduce the abundances
of certain genera which is related to plant growth-promoting in soil, such as Arthrobacter,
Gemmatimonas, and Sphingomonas [2]. The study by Han et al. [18] which focused on the
effects of CTC on soil microbial community discovered that microbial functional diversity
followed a suppression-recovery-stimulation pattern in CTC-treated manured soil.

In addition to destroying the microbial community in the soil environment, TCs pollu-
tion would also be absorbed and accumulated by edible plants and even affect the growth
of vegetables, posing a threat to global food security and soil ecosystem function, which has
attracted growing concerns [19,20]. It has been reported that TCs can prevent the growth of
crops and vegetables, such as wheat, ginger, and Ipomoea aquatica Forsk [2,19,21]. The influ-
ence of TCs on edible plants is closely related to the frequent use of livestock and poultry
manure. In vegetable planting regions, livestock and poultry manure are frequently utilized
as fertilizer to increase productivity, promote green and low-carbon agriculture sustainable
development, improve the rural ecological environment, and achieve the double carbon
objective [22]. However, antibiotics are typical pollutants in livestock and poultry manure,
and long-term manure application will inevitably introduce a considerable number of ex-
ogenous antibiotics into the soil, particularly vegetable-based soil [6,22,23]. TCs which were
detected in high concentrations in vegetable-based soil can affect the growth of vegetables,
and even be absorbed and accumulated by vegetables, posing a serious threat to vegetable
security and soil ecological security [24–27]. Studies about the effects of CTC on vegetables
and crops growth have demonstrated the above results. Cheong et al. [28] found that CTC
diminished chlorophyll content in leaves and photosynthetic efficiency, and downregulated
the genes involved in the primary root growth of Brassica campestris seedlings. Guo et al. [2]
found that antibiotics’ bactericidal capabilities significantly decreased the abundances of
certain rhizobacteria, which had a negative influence on biomass and height of wheat
seedling. Plant growth, development, and biomass accumulation are all influenced by
soil microbes, particularly rhizosphere microorganisms [29–31]. Thus, to understand the
impact of antibiotics on plant growth, it is critical to investigate the microbial community
structure in soil.

Eggplant (Solanum melongena), a vegetable crop distributed worldwide, has consider-
able nutritional benefits due to its high concentration of vitamins, phenolics, and antiox-
idants [32]. The top producer and consumer of eggplant worldwide is China. However,
little information regarding the responses of eggplant and rhizobacteria to CTC exposure
is currently available. This study aimed to investigate the impacts of CTC on eggplant
growth, relative chlorophyll content, fluorescence metrics, soil characteristics, and the soil
microbial population by conducting a potted experiment with varying concentrations of
CTC. This study can provide data support for the risk assessment of antibiotic residues in
agriculture, so as to ensure the safety of crops and promote the sustainable development
of agriculture.

2. Materials and Methods

2.1. Materials Collection

The eggplant seed (Solanum melongena) was purchased from seed market in Hefei, An-
hui Province, China. The clean soil (0–15) cm was obtained from Hefei Normal University,
nutritional soil was purchased from gardening market. Chlortetracycline (CTC, ≥97%) was
purchased from Sigma-Adrich (St. Louis, MO, USA). Other chemicals were bought from
Hefei Meifeng Chemical Co., Ltd. in Hefei, Anhui province, China.
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2.2. Potted Experiment

The clean soil was air-dried, sieved to a diameter of 4 mm, and mixed with nutritional
soil with 1:1 (v:v). Each pot was filled with 4 kg soils, and the moisture content of the soils
was carefully regulated to reach 55% of their maximum water-holding capacity (WHC)
with distilled water. CTC was dissolved in distilled water and then poured evenly into
each pot to obtain the concentrations of 10.0 (L), 50.0 (M), and 250.0 (H) mg/kg CTC. There
were three replicates for each treatment. The same amount of distilled water was added to
the pot in 0 (CK) mg/kg CTC treatment.

Hydrogen peroxide (3%, v/v) was used to disinfect the seeds, and they were then
thoroughly rinsed with sterile deionized water. In a climate chamber with a temperature of
25 ◦C and a humidity of 60%, the sterilized seeds were then placed in a tray, covered with
gauze, and allowed to germinate. After germination, 12 uniform healthy eggplant seedlings
were transplanted to the corresponding pots and planted for 70 days at a temperature of
25 ◦C with a cycle of 12 h of light and 10 h of darkness. Twice every week, distilled water
was used to make up for water loss. After being in culture for 70 days, the eggplant and
related rhizosphere soil were harvested. To gauge the growth traits, eggplants were gently
removed from the pots. Each plant’s rhizosphere soil was collected using the shake-off
method [33,34]. The soil that was weakly holding on was gently shaken off and thrown
away. The soil that was firmly clung to the eggplant roots (0–1 mm) was brushed off
and recorded as rhizosphere soil. All samples were divided into two parts: one part was
immediately stored at −80 ◦C for soil DNA extraction; the other part was used to measure
soil properties as follows.

2.3. Measurement of Soil Properties

The soil was air dried, crushed, and screened through a 2 mm sifter to measure its
properties after the visible organic remains had been eliminated. Soil pH (1:2.5 soil/water
suspension) was determined using pHS-25 (precision of 0.05, Leici., Shanghai, China)
with the People’s Republic of China’s agricultural industry standard NY/T 1377-2007
as a guide [35]. The People’s Republic of China’s agricultural industry standard NY/T
1121.6-2006 was used to measure the content of soil organic matter (OM) by using standard
solution titration of ferrous sulfate [36]. Following the National Environmental protection
standards of the People’s Republic of China HJ 634-2012, potassium chloride solution
extraction-spectrophotometry was used to measure the ammonium nitrogen (NH4

+–N),
nitrite nitrogen (NO2

−–N), and nitrate nitrogen (NO3
−–N) in soil [37]. The levels of

microbial biomass N in soil were measured by fumigation [38].

2.4. Measurement of Growth and Physiological Indexes

The Soil Plant Analysis Development (SPAD)-502 Plus (Konica Minolta, Tokyo, Japan)
chlorophyll meter was used to determine the relative chlorophyll amount of leaf (repre-
sented as SPAD value). The measuring point was the center of the first fully unfolded leaf
at the top of the plant, avoiding the apparent vein. The three readings’ average values
were calculated.

Junior—PAM (Walz, Effeltrich, Germany) based modulation fluorometer was used
for the determination of chlorophyll fluorescence parameters. First, after exposing the
measuring object to darkness for 30 min, the maximal photochemical efficiency of PS II
(Fv/Fm) was determined. The kinetic parameters of chlorophyll fluorescence induction
were then automatically measured under 190 μmol/m2/s of light intensity for 15 times
using an artificial light source. The main components were electron transfer efficiency
(ETR), photochemical quenching coefficient (qP), non-photochemical quenching coefficient
(NPQ), quantum efficiency of Phtosynthetic system II (ΦPSII), quantum yield of regulated
energy dissipation (ΦNPQ), and quantum yield of non-regulated energy dissipation (ΦNO).

After the above experiment, all plants were carefully dug up and labeled. First, the
root soil was cleaned with distilled water, and then the root soil was cleaned with double
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distilled water three times. The root parts were used to measure the fresh weight, and a
steel ruler was used to measure the root’s height from the base.

2.5. Soil Microbial Community Analysis

Total DNA extraction of soil samples from the three replicates in each treatment was
carried out as follows: Total DNA were extracted using FastDNA Soil Kit (MP Biomedicals).
The concentration and purity of the final soil DNA were measured by Nano-Drop 2000,
a UV–vis spectrophotometer from NanoDrop Technologies, Willmington, DE, USA. And
the DNA quality was determined by 1% agarose gel electrophoresis. The 16S rRNA gene
of bacteria was amplified using primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and
806R (5′-GGACTACNVGGGTWTCTAAT-3′) [39]. Before sequencing on an Illumina Miseq
(Illumina, San Diego, CA, USA), the individual samples of the amplicons were first barcoded
and then pooled to create the sequencing library. Mothur software (Version 1.35.1) was used
to remove low-quality and chimeric reads from the raw sequencing data generated from
Illumina Miseq. After quality filtration, all datasets were rarefied to 21,213 sequences to
achieve same sequencing depth. High-quality readings were grouped into OTUs at a 97%
identity level using the Quantitative Insights into Microbial Ecology (QIIME, version 1.9.1).
The parallel_pick_open_reference_otus workflow script and the Greengenes 13_8 Database
were both used to conduct OTU searches. The α-diversity indexes (Chao, ACE, Simpson, and
Shannon) and Good’s coverage were calculated by QIIME. To determine the β-diversity of
the soil microbiota, principal component analysis (PCA) and unweighted pair group method
with arithmetic mean (UPGMA) clustering were carried out. The Ribosomal Database Project
(RDP) Classifier (http://rdp.cme.msu.edu/, accessed on 30 September 2016) was used to
classify representative sequences from each OUT using an 80% confidence level.

2.6. Statistical Analysis

All data in this study are expressed as the mean ± SD. Differences between the treatment
groups and the control group with respect to growth indexes, physiological indexes, soil
properties and α-diversity indexes were detected by ANOVA test followed by LSD multiple
comparison using SPSS 21.0 software (SPSS Inc., Chicago, IL, USA). One-way PERMANOVA
test by PAST was used to analyze the difference of bacterial community structure. Different
microorganisms at genus compared with the control were detected by a t-test.

3. Results

3.1. Changes in Soil Properties

The physicochemical properties of eggplant cultivated soil were shown in Table 1.
The ammonium nitrogen (NH4

+–N) and nitrite nitrogen (NO2
−–N) were significantly

decreased by CTC (Table 1). The content of NH4
+–N and NO2

−–N in 250 mg/kg group
were 48.33% and 67.27% lower than that in the control group, respectively. All CTC groups
in this study showed lower nitrate nitrogen (NO3

−–N) levels. In this study, microbial
biomass nitrogen was increased by CTC with a dose–effect relationship.

Table 1. Physicochemical properties of soil samples treated with different CTC concentrations (n = 3).

CTC Content (mg/kg) 0 10 50 250

NH4
+–N (mg/kg) 5.09 ± 0.41 a 3.44 ± 0.21 b 2.36 ± 0.27 c 2.63 ± 0.45 c

NO2
−–N (mg/kg) 9.32 ± 3.53 a 9.47 ± 4.25 a 5.53 ± 1.35 ab 3.05 ± 0.45 b

NO3
−–N (mg/kg) 5.27 ± 1.64 a 3.80 ± 0.59 a 3.81 ± 0.23 a 4.01 ± 1.10 a

Microbial biomass N (mg/kg) 7.88 ± 1.29 a 8.71 ± 2.85 a 9.11 ± 3.11 a 9.53 ± 1.99 a
Organic matter (g/kg) 120.00 ± 15.00 a 114.33 ± 11.59 a 119.33 ± 21.94 a 110.67 ± 7.02 a
pH 6.18 ± 0.08 a 6.27 ± 0.05 a 6.16 ± 0.05 a 6.26 ± 0.13 a

Data are expressed as mean ± SD (n = 3). Figures with different letters in the same line means significantly
different at p < 0.05. CTC is chlortetracycline, NH4

+–N is ammonium nitrogen, NO2
−–N is nitrite nitrogen,

NO3
−–N is nitrate nitrogen, and pH is the potential of hydrogen.
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3.2. Effects of CTC on Eggplant Growth and Fluorescence Parameters

In this study, the growth of eggplant was inhibited by CTC-contaminated soil. As
illustrated in Figure 1, the root fresh weight, root length and SPAD value in the CTC
treatment groups demonstrated a concentration-dependent decrease with an increase
in CTC dosage. Root fresh weight, root length, and SPAD value were all significantly
(p < 0.05) decreased with the highest CTC treatment (250 mg/kg), by 38.58%, 63.49%, and
16.35%, respectively.

Figure 1. Effects of CTC on plant root fresh weight biomass (a), root length (b) and SPAD value (c) of
eggplant. Data are expressed as mean ± SD (n = 3). Data with different letters means significant
difference at p < 0.05.

Table 2 showed that CTC posed a substantial impact on fluorescence parameters of
eggplant. Fv/Fm value was decreased by 0.99 to 1.73% in the CTC groups, in which
only 50 mg/kg group significantly decreased the Fv/Fm. The qP value was significantly
decreased by CTC and decreased by 31.58% in the presence of 250 mg/kg CTC, indicating
diminished electron transfer activity at PS II by CTC. The NPQ values rapidly declined
with increasing CTC content and fell by 34.71% in the 250 mg/kg group, indicating heat
dissipation performance of eggplant decreased. ETR and ΦPS II were dramatically reduced
by CTC treatments with a dose–effect relationship. The most important indexes of light
protection and light damage are ΦNPQ and ΦNO, respectively. And in this study, the change
in ΦNPQ is small without significant difference. ΦNO values increased significantly in the
presence of CTC and increased by 42.86% in 250 mg/kg group.
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Table 2. Chlorophyll fluorescence parameters of eggplants exposed to different CTC concentrations
(n = 3).

CTC Content
(mg/kg)

0 10 50 250

Fv/Fm 0.807 ± 0.002 a 0.796 ± 0.005 ab 0.793 ± 0.010 b 0.799 ± 0.006 ab
ETR 62.66 ± 3.92 a 54.49 ± 1.13 b 54.14 ± 4.22 b 45.66 ± 2.64 c
qP 0.57 ± 0.01 a 0.49 ± 0.02 b 0.48 ± 0.03 b 0.39 ± 0.02 c

NPQ 1.21 ± 0.17 a 1.01 ± 0.08 ab 0.88 ± 0.09 bc 0.79 ± 0.07 c
ΦPS II 0.36 ± 0.02 a 0.31 ± 0.01 b 0.31 ± 0.02 b 0.26 ± 0.02 c
ΦNPQ 0.37 ± 0.04 a 0.35 ± 0.02 a 0.34 ± 0.02 a 0.34 ± 0.02 a
ΦNO 0.28 ± 0.02 c 0.34 ± 0.02 b 0.35 ± 0.01 b 0.40 ± 0.02 a

Data are expressed as mean ± SD (n = 3). Figures with different letters in the same line means significantly
different at p < 0.05. CTC is chlortetracycline, Fv/Fm means the maximal photochemical efficiency of PS II, ETR
means electron transfer efficiency, qP means photochemical quenching coefficient, NPQ means non-photochemical
quenching coefficient, ΦPS II means quantum efficiency of Phtosynthetic system II, ΦNPQ means quantum yield of
regulated energy dissipation, and ΦNO means quantum yield of non-regulated energy dissipation.

3.3. Effects of CTC on Soil Microorganism Communities
3.3.1. CTC Effects on Soil Microbial Diversity

High-throughput sequencing of the 16S rRNA gene amplicons convincingly demon-
strated the alterations in the soil microbiota in response to the chronic CTC exposure. A total
of 254,556 sequences were obtained from all samples. The sequences’ rarefaction curves
(Figure 2) revealed that enough sampling coverage was achieved for the soil samples.

 

Figure 2. Rarefaction curve of soil microbial DNA samples under different concentrations of CTC.
CK 1, 2 and 3 are the 3 replicated of 0 mg/kg CTC. L1, 2 and 3 are the 3 replicated of 10 mg/kg. M1, 2
and 3 are the 3 replicated of 50 mg/kg CTC. H1, 2 and 3 are the 3 replicated of 250 mg/kg CTC.

As shown in Table 3, the Good’s coverage of each sample was greater than 80%. The
observed OTUs in CTC groups were higher than those in control group. The community
richness indexes Chao and ACE of soil microbiota were higher in CTC groups than those
in the control group. Near parity existed in the community diversity indexes Simpson
between the CTC groups and the control group. Table 3 indicated that CTC slightly
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increased the community richness, but without significant differences and had no effect on
the community diversity.

Table 3. Microbial α-diversities of soil samples treated with different CTC concentrations (n = 3).

CTC Content (mg/kg) 0 10 50 250

Chao 15,493.03 ± 823.22 a 16,934.68 ± 730.13 a 16,057.85 ± 521.00 a 17,146.30 ± 1462.67 a
Ace 15,826.9 ± 502.09 a 17,650.74 ± 987.84 a 16,577.00 ± 503.5 a 17,576.4 ± 921.40 a

Simpson 0.997 ± 0.000 a 0.997 ± 0.001 a 0.997 ± 0.002 a 0.996 ± 0.001 a
Observed_OTUs 5966.67 ± 136.39 a 6253.33 ± 112.83 a 6060.67 ± 75.57 a 6007.67 ± 253.25 a

Goods_coverage (%) 81.89 ± 0.55 a 80.43 ± 0.66 b 81.39 ± 0.59 ab 80.95 ± 0.90 ab

Data are expressed as mean ± SD (n = 3). Data followed by different letters in the same line are significantly
different at p < 0.05. CTC is chlortetracycline.

Figure 3 demonstrated that principal component (PC) 1 and 2 explained 68% of the
total variance, with PC1 contributing 48.9%, showing that the first principal component was
primarily responsible for the variations in microbes between control and CTC-treated soil.
The PCA plot revealed that whereas soil samples from the CTC-treated groups displayed a
more dispersed distribution, indicating some degree of variance, samples from the control
group tended to be closely clustered, indicating a generally similar community makeup.
The PCA plot in Figure 3 demonstrated that soil samples from several groups had a large
difference in distribution distance, indicating that each group’s microbial community
composition varied greatly.

 

Figure 3. The soil microorganism community patterns (β-diversity) in the control and CTC-treated
soils by PCA.

3.3.2. CTC Effects on Soil Microbial Composition

In all soil samples, the microbial composition revealed high variety. The microorgan-
isms in all soil samples belonged to 48 phyla. Proteobacteria (39.9–47.6%) and Actinobacteria
(18.6–21.8%) made up more than half of all bacterial phyla, making them the dominant
phyla (Figure 4). Although the abundance of the detected phyla between the control and
CTC-treated groups did not differ significantly according to the ANOVA test, microbes
had a distinct pattern of change. Results demonstrated that all CTC treatments increased
the relative abundance of Proteobacteria, but reduced the abundance of Gemmatimonadetes
and Cyanobacteria with a dose-dependent relationship. In 250 mg/kg group, the relative
abundance of Bacteroidetes was increased.
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Figure 4. The relative abundances of microorganisms at the phylum level at different CTC treatments.

The chronic CTC exposure significantly (p < 0.05) altered the relative abundance of
11 genera (Figure 5). Rhodoplanes and Cupriavidus were enriched in 10 mg/kg CTC group
indicating they may prefer low-dose CTC. Methylosinus, Actinocorallia, and Sedimentibacter
were enriched in 250 mg/kg CTC group, indicating that high-dose CTC stimulated the
growth of these genera. Compared with the control, the relative abundances of Flavi-
solibacter and Ammoniphilus were significantly reduced by 10 mg/kg CTC. The relative
abundances of Flavisolibacter, Segetibacter, Adhaeribacter, and Flavobacterium were signifi-
cantly reduced by 50 mg/kg CTC. A total of 250 mg/kg CTC significantly inhibited the
growth of Phycicoccus.

 

Figure 5. Relative abundance of significantly changed soil microbes at genus in CTC groups compared
with the control. Notes: (a) represented the different genus between 10 mg/kg CTC and the control,
(b) represented the different genus between 50 mg/kg CTC and the control, and (c) represented the
different genus between 250 mg/kg CTC and the control.
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3.4. Correlation between Each Indexes

Figure 6 shows the results of redundancy analysis (RDA) between the microbial commu-
nities and soil environment factors for the groups. Soil environmental factors had an overall
explanation of 81.8% for the microorganism’s community’s differences. RDA1 and RDA2
had an overall explanation of 24.6%, with RDA 1 and RDA2 contributing 12.8% and 11.8%,
respectively. As shown in Figure 6, CTC significantly influenced soil microbial community.
Soil pH, NO3

−–N and NO2
−–N had strong correlation with the soil microbial community.

Figure 6. Redundancy analysis of soil microbial community and soil environmental factors. * repre-
sented CTC significantly influenced soil microbial community (p < 0.05).

To examine the interrelationships among different indexes, the correlation analysis
(Pearson) was carried out in this study (Figure 7). The red and blue circles represented the
positive and negative correlation between the two related indexes, respectively. And the
size of the circles represented the absolute value of the correlation coefficient. As shown
in Figure 7, there was some degree of correlation between CTC, soil characteristics, plant
growth, fluorescence parameters, and soil bacteria, demonstrating that these variables were
closely correlated. Root length had significant negative correlation with ΦNO, positive
correlation with ETR, qP, NPQ, ΦPSII and NH4

+–N. In this study, Rhodoplanes demonstrated
a positive correlation with Methylosinus and Adhaeribacter. Actinocorallia and Sedimentibac-
ter exhibited a positive correlation. Flavobacterium exhibited a positive correlation with
Flavisolibacter and Segetibacter.
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Figure 7. Heat map of Pearson correlation between all indexes in this experiment.

4. Discussion

Previous studies have demonstrated that NH4
+–N and NO3

−–N were the main forms
of nitrogen absorbed and utilized by plants, and their content can influence plant growth
and effectively indicate the nitrogen supply in soil [40]. In this study, the significant reduc-
tion in NH4

+–N and NO2
−–N by CTC may be related to the decline of azotification and

nitrite bacteria activity. As a measure of soil nitrification capability, NO3
−–N concentration

is much more sensitive to the presence of pharmaceuticals [41]. And due to high sensitivity
of NO3

−–N, all CTC groups showed lower nitrate nitrogen NO3
−–N levels. The inhibitory

effects of CTC on soil nitrification capacity, which may be brought on by the inhibitory ef-
fects on nitrobacteria, are similar to previous studies on effects of pharmaceutical antibiotics
on nitrification capacity [42–44].

Leaf SPAD observations which show the index of chlorophyll a and chlorophyll b
in thylakoid membrane in the leaf mesophyll chloroplasts are collinearly correlated with
leaf chlorophyll content for many crops [45]. CTC may be involved in the breakdown
of chlorophyll by interacting with Mg2+ in the chlorophyll molecule and thus reduced
chlorophyll content [46–48]. In this study, the root fresh weight, root length, and SPAD
value in the CTC treatment groups all demonstrated a concentration-dependent decrease.
This phenomenon of growth inhibition was supported by previous research on the impacts
of CTC on the growth of maize and Brassica campestris [49,50]. According to the results in
Table 1 and Figure 1, the inhibition of eggplant growth at CTC groups was thought to be
related to the disturbance of chlorophyll fluorescence parameters, NH4

+–N and NO3
−–N.
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The maximal photochemical efficiency of PS II (Fv/Fm) was used to measure the effi-
ciency of the primary conversion of light energy at the PS II reaction center [19,51,52]. In this
study, the decrease in Fv/Fm in all CTC groups indicated that the eggplant suffered from se-
vere stress of CTC. The photochemical quenching coefficient (qP) reflects the proportion of the
light energy absorbed by the PS II antenna chlorophyll that is used in photochemical electron
transfer, which can reflect the openness of PS II, and represents the electron transfer activity of
PS II [19,53]. The qP value was significantly decreased by CTC, indicating diminished electron
transfer activity at PS II by CTC. NPQ reflects the utilization of excitation energy in leaves
and represents heat dissipation that defends against the destruction of photo inhibition, and is
an important mechanism for plant protection of PS II [54]. The NPQ values rapidly declined
with increasing CTC content, indicating heat dissipation performance of eggplant decreased.
Both ETR and ΦPS II serve as relative indicators of the electron transfer rate of plant leaves
during photosynthesis and can reflect the actual photochemical reaction efficiency of plants
in PS II [55]. In this study, ETR and ΦPS II were dramatically reduced by CTC treatments
with a dose–effect relationship, indicating that CTC exposure inhibited electron transport
during photosynthesis. ΦNPQ and ΦNO are indexes of light protection and light damage,
respectively. The values of ΦNPQ were decreased but without significant difference, while the
ΦNO values increased significantly. The increase in ΦNO indicated that there was a tendency
of excess excitation energy to cause potential damage in CTC groups, and the photochemical
energy conversion and protective regulated energy dissipation are not enough to coordinate
the light energy absorption of photosynthetic apparatus [56,57]. The aforementioned findings
demonstrated that with prolonged exposure to CTC, the photosynthetic system suffered
serious damage, heat dissipation performance deteriorated, and reaction centers entered the
closed state.

The community richness in this study was somewhat boosted by CTC, but there
were no appreciable differences, and CTC had no impact on the community diversity.
This phenomenon was also discovered in previous studies, which demonstrated that TCs
had no significant effect or promotion effect on soil bacterial diversity, but had signifi-
cant effect on different species at phyla and genera level [12,58]. In this study, all CTC
groups increased the relative abundance of Proteobacteria, but reduced the abundance of
Gemmatimonadetes and Cyanobacteria, and the highest CTC group increased the relative
abundance of Bacteroidetes. The multiplication of Proteobacteria and Bacteroidetes suggested
that they can tolerate the high dose of CTC. Similarly, Zhao et al. [59] indicated that the
relative abundance of Bacteroidetes increased with the concentrations of antibiotic residues
increased in typical greenhouse vegetable soils. Guo et al. [2] also revealed the reduction in
Gemmatimonadetes after 150 mg/kg oxytetracycline treatment. Cyanobacteria, a sizable group
of photosynthetic prokaryotes, play a significant role in the global CO2 and N2 fixation
process [60]. Based on the results of previous studies, the reduction in Cyanobacteria would
result in the reduction of nitrogen fixation and then the reduction in ammonium nitrogen
content in this study.

According to a t-test examination of the microorganism differences between the control
and CTC groups, Rhodoplanes and Cupriavidus were enriched in low-dose CTC group, and
Methylosinus was enriched in the highest CTC group. Rhodoplanes, one of denitrifiers in soil,
was affiliated with N cycling and involved in denitrification process [61,62]. Cupriavidus
is highly resistant to heavy metals and can degrade toxic organic pollutants in soil to be
benefit for plant growth [63,64]. Previous studies have found that Cupriavidus has the
ability of heterotrophic nitrification and aerobic denitrification to remove ammonium, and
nitrite [61]. These findings can explain the results that NH4

+–N and NO3
−–N were reduced

at 10 mg/kg CTC group in this study. Methylosinus is a type II methane-oxidizing bacteria
that reduces methane emissions, and participates in nitrogen oxide metabolism, and benefits
the balance between nitrogen and methane cycling [65,66]. Flavisolibacter is one of plant
growth promoting rhizobacteria, and its relative abundance was found to be negatively
correlated with some stress, such as disease incidence [67]. The relative abundances of
Flavisolibacter in this study were significantly reduced by 50 mg/kg CTC, explaining the
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growth inhibition in this group. Flavobacterium is not only a kind of pathogenic bacteria,
but also an important aerobic denitrifying bacteria, and has been proved to be related to
NO2

−–N and NO3
−–N [68,69]. In this study, high-dose CTC reduced the Flavobacterium

indicated that CTC could significantly inhibit the growth of this bacteria.
RDA analysis showed soil pH, NO3

−–N, and NO2
−–N had strong correlation with

the soil microbial community. Soil pH and nutrients are closely related to the functional
diversity of microbial community, since a large number of previous studies have proved
that soil pH, organic carbon, and other nutrients have different degrees of influence on soil
microorganisms [70,71]. Conversely, the change in soil microorganisms leads to the change
in soil physical and chemical properties. Due to the complexity of the microbial community
structure, it is unavoidable and reasonable for microbes to form a mutually facilitative or
inhibitory relationship which is typically involves competition for resources and energy to
help to determine the presence and relative abundance of species to some extent [72]. In this
study, Rhodoplanes demonstrated a positive correlation with Methylosinus and Adhaeribacter.
Actinocorallia and Sedimentibacter exhibited a positive correlation. Flavobacterium exhibited a
positive correlation with Flavisolibacter and Segetibacter. These microbes play important roles
in soil nutrient cycling and plant growth, and their positive correlation may be beneficial to
improve the adaptability of plants under exogenous stress [62,66–69]. A heat map of the
Pearson correlation demonstrated that soil pollutants, soil microorganisms, soil properties,
and plant interact with and affect each other. However, due to the limited number of
samples in our study, any correlation between these environmental factors and bacterial
biodiversity requires further examination.

5. Conclusions

In this study, CTC treatment changed the soil properties and inhibited the growth
of eggplant. The primary explanation may be the disruption of chlorophyll fluorescence
parameters by CTC, particularly the light damage it causes. Additionally, varying doses
of CTC disrupted the bacterial communities in the soil, particularly the rhizobacteria
that promote plant growth and the bacterial communities that aid in denitrification. The
mechanisms of CTC toxicity to eggplant should focus more on the metabolism of soil
microbes and plant secretions. RDA showed CTC significantly influenced soil microbial
community, and soil properties are closely related to the soil microbial community. Pearson
correlation analysis demonstrated that CTC, soil microbes, soil nutrients, and the plant
can interact with and affect each other. These results highlight the need for a thorough
assessment of the dangers associated with tetracycline antibiotics and help us understand
how they affect terrestrial ecosystems, to promote sustainable agricultural development.
However, this study did not focus on the effects of CTC on the expression of plant-related
resistance genes, and low-dose CTC exposure risk should be investigated in the future.
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Abstract: In response to rising environmental concerns and the increase in eco-friendly sports
activities, this study investigated the determinants of sustained intention to participate in plogging, a
combination of jogging and litter collection. A total of 288 randomly assigned plogging participants
were surveyed to discern the effects of autonomy, competence, and relatedness experiences on
sustained plogging intentions as suggested by self-determination theory. The study also examined
the moderating role of eco-friendly attitudes. The analysis, executed using multi-group structural
equation modeling, revealed that while autonomy and competence did not significantly influence
extrinsic motivation, relatedness emerged as the most influential factor. This suggests that plogging
primarily serves as a prosocial behavior, enhancing relationships, rather than a means to increase
physical competence. The values derived from plogging and the intention to continue varied based
on the participants’ eco-friendly attitudes. The authors conclude that voluntary participation and
socialization are the core values of plogging and understanding these can promote healthier and
more sustainable behaviors.

Keywords: plogging; exercise participation; self-determination theory

1. Introduction

Global environmental issues such as global warming, food and water scarcity, and
energy depletion have been highlighted as critical challenges that need to be addressed [1].
In this context, the growing awareness among many members of society regarding the
impact of their actions on the planet has resulted in the emergence of significant societal
agendas, exemplified by terms such as ‘environment’, ‘eco-friendly’, ‘sustainability’, and
‘green’ [2]. For instance, the United Nations announced the ’Sustainable Development
Goals’, urging environmentally friendly actions (United Nations, 2015). Many large cor-
porations appeal to consumers through green marketing strategies using environmental,
social, and governance (ESG) management [3,4]. From this perspective, mature consumers
are demonstrating a tendency towards ‘pro-environmental behavior’, considering both
environmental protection and consumption behavior [5]. This phenomenon is spreading
across various fields, adjusting human lifestyles in diverse ways.

The tendency towards eco-friendly sports is also evident in sports consumption and
participation behaviors [6]. Notable examples include the organization of eco-friendly
sports events, the promotion of eco-friendly ideologies through sports, and the develop-
ment and expansion of eco-friendly sports initiatives [6]. One such eco-friendly sport
is plogging, which originated in Sweden and involves combining jogging with the act
of picking up discarded litter. Plogging serves as a volunteer activity for environmental
protection while also promoting individual health and well-being [7–9]. The engagement
of individuals in these activities demonstrates their active participation in environmental
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preservation [7–9]. Moreover, these eco-friendly sports contribute to personal life satisfac-
tion, the formation of self-identity, and overall happiness, as they simultaneously prioritize
individual health and well-being along with environmental protection campaigns [10].
Previous research has highlighted the positive impact of participating in eco-friendly sports
on personal life satisfaction, competence development, and physical fitness [7–9,11].

However, encouraging the intention for sustained participation in eco-friendly sports
behavior, which is a serious leisure activity, is challenging as it cannot easily be carried out
through regulatory measures or economic incentives [12]. For the positive social spread
of eco-friendly sports and the personal life satisfaction and well-being of its participants
to operate smoothly, it is necessary to understand how to induce intention for sustained
participation [13–15]. In general, previous studies analyzing various socio-psychological
factors that influence the intention for sustained participation in sports or physical activities
primarily suggest that it occurs through the satisfaction of basic psychological needs and
the formation of motivation, as suggested by the ‘Self-Determination Theory’ [16–19].
However, eco-friendly sports are both physical activities for promoting physical health
and volunteer activities for conserving nature, so it is necessary to understand eco-friendly
behavior in addition to the theory related to sports participation. In particular, studies
related to the intention for the sustained participation of volunteers commonly suggest
the importance of voluntary participation motivation using the public service motivation
theory and report that the formation of eco-friendly attitudes has a significant influence
on the formation of voluntary participation motivation [12,20]. Therefore, to encourage
and promote participation in eco-friendly sports, it is necessary to theoretically approach
it from a convergent perspective by considering the variables suggested in the research
analyzing the psychological motivation of sports participation and the variables explaining
the motivation of eco-friendly behavior participation.

Therefore, the study objective is to explore and analyze strategies for enhancing
the sustained participation intention of eco-friendly sports participants. This will be
achieved by concurrently examining the variables associated with sports participation
and eco-friendly behavior. Specifically, for this purpose, we analyzed how the factors
and motivations involved in the intention for sustained participation, suggested by the
self-determination theory, and eco-friendly attitudes that affect eco-friendly behavior,
influence the continuous participation intention by targeting the participants of plogging,
a representative eco-friendly sport. Through this, we aim to provide useful information
for writing effective participation promotion strategies by understanding the fundamental
psychological processes of eco-friendly sports participants, which can help in both aspects
of personal well-being and environmental protection. This eco-friendly sports study is
meaningful in that it applies existing theories to new research subjects, thereby broadening
the base of related disciplines, and attempts a multidisciplinary theoretical exploration in
that it considers the concepts of sports and volunteering simultaneously.

2. Theoretical Background and Research Hypotheses

2.1. Eco-Friendly Sports: Plogging

Eco-friendly sports encompass different forms of sports consumption, events, and
participatory activities that prioritize environmental protection and sustainability [21–24].
Eco-friendly sports, which aim to respect and protect the natural environment, conserve
resources, and promote environmental education and eco-friendly awareness, are currently
being implemented in various ways. Examples include incorporating environmental
values into existing sports events and combining eco-friendly activities with sports. Efforts
were made at the 2020 Tokyo Olympics to build temporary facilities using recyclable
materials and to form an eco-friendly power supply network by installing solar power
generation systems and renewable energy power plants. A pre-event called ‘spogomi’,
a competition to pick up as much trash as possible in a limited time, was also held,
and encouraged participation by demonstrating the positive social impact of eco-friendly
sports [7]. Previous studies on eco-friendly sports have mainly focused on the production
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of sports goods [23,25], the importance of hosting eco-friendly sports events [22], and the
importance of the ESG management concept in sports [26,27].

Meanwhile, as interest in participatory eco-friendly sports has increased, studies
related to the meaning and uniqueness of participation experience and motivation in eco-
friendly sports have also been actively conducted. Participatory eco-friendly sports are
highlighted as important activities that not only increase physical activity and maintain
healthy lifestyle habits, but also play a positive role in stress relief and enhancing life
satisfaction at the personal level [9,28]. Participation in eco-friendly sports provides mental
rest through communion with nature, and it is reported that positive emotions such as
‘Helper’s High’ can be felt through altruistic volunteer activities [8,11]. Previous studies
commonly reported that there was also an effect of strengthening bonds with others through
the sharing of positive behaviors, and at the social level, it contributed to the improvement
of the natural environment in the local community and the formation of social networks
through the sharing of sports activities.

These eco-friendly sports are showing a trend of spreading mainly among the younger
generation. A representative example is plogging, where many people around the world
participate in picking up trash while jogging [7,11]. Previous studies conducted on plogging,
where the attributes of an environmental protection campaign and exercise activities are
combined, reported participation experiences and participation motivations in the special
context of eco-friendly sports [8,29,30]. Raghavan, Panicker and Emmatty [11] suggested
that plogging had a significant impact on aerobic exercise effects through jogging, as
well as anaerobic lower body strength enhancement through squatting movements while
picking up trash. Chae and Kim [9] reported that the participation efficacy of ploggers
was influenced by the altruistic motivation of environmental protection, the motivation
for self-development through sports activities, and the external motivation to enhance
relationships with others, and that participating in a special form of eco-friendly sport
that benefits others through their efforts played a positive role in personal values such as
self-satisfaction. In addition, Yoon et al. [7] conducted in-depth interviews and reported
that people who participated in plogging were aware of the seriousness of environmental
pollution and had the will to execute environmental protection behaviors in their daily
lives. Furthermore, they increased their intention for sustained participation through
self-satisfaction and the fulfillment of the need for recognition through interaction with
others. In conclusion, when synthesizing the results of these previous studies, it can be
confirmed that plogging, which is a representative activity where the attributes of sports
and volunteer activities are combined, acts as a producer of a sports culture that solves
environmental problems through the act of sports itself, and participants acquire physical
health and self-respect through the plogging experience. Many studies suggested the
need for verification of social psychological variables to encourage special participation
motivation and continuous participation in eco-friendly sports.

2.2. Factors Influencing the Intention of Sustained Participation in Environmental Sports:
Application of Self-Determination Theory

As previously discussed, plogging, as a fitness activity and an environmental action,
offers various benefits to individuals and society. Therefore, it is not only necessary for
a large number of people to recognize and participate in the benefits of environmental
sports, but it is also important to enhance the sustained participation intention of those who
have experienced participation. This study aims to investigate the social and psychological
factors necessary to promote and encourage sustained sports participation. For this purpose,
we set up hypotheses about the factors influencing sustained participation intention and
their relationships, focusing on the ‘Self-Determination Theory’ which has often been used
in previous studies related to the intention of sustained sports or exercise participation.

Self-determination theory is a psychological theory proposed by Ryan and Deci [17,31]
that explains human behavior motivation, and is often used to deeply analyze and explain
the sustained participation motivation of exercise participants [32,33]. According to Ryan and
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Deci [17], humans have a fundamental tendency to pursue psychological need satisfaction,
and intrapersonal motivation which supports this need satisfaction influences sustained
participation intention, performance, pleasure, etc. Specifically, the self-determination theory
presents a human’s basic psychological needs as autonomy, competence, and relatedness.
Furthermore, Vallerand [34] conveyed through an integrated model that the satisfaction or
expectation of the three basic psychological needs stimulates the voluntary behavior will
of intrinsic and extrinsic motivation that occurs according to rewards or punishments. In
addition, this intrinsic and extrinsic motivation plays a positive role in sustained behavior
intention. According to the results of past research mainly conducted in sports psychology, an
individual’s intrinsic motivation makes them recognize exercise behavior itself as a purpose,
which influences sustained exercise performance behavior [35,36]. Furthermore, the results
show that life sports participants increase their intrinsic and extrinsic motivation through the
satisfaction of self-determination factors, thereby increasing their participation and sustained
intention [37,38]. Given the context, this study considers eco-friendly sports as a form of
exercise and physical activity. We then formulated our research hypotheses by applying
the self-determination theory’s framework, which suggests a relationship between the three
fundamental psychological needs, intrinsic and extrinsic motivation, and the intention for
sustained participation, to the behavioral intentions of eco-friendly sports participants.

Firstly, the need for autonomy refers to the basic human psychological desire to
feel that the control of their actions lies within themselves, to consider themselves as
the regulators of their own lives, and to act as they wish [17]. Participants in sports or
physical activities feel autonomy when they choose to participate because they like it,
forming a sense of responsibility for their own choices. This sense of responsibility acts
as intrinsic motivation in itself, while also functioning as extrinsic motivation by forming
a psychological reward and punishment system. Numerous studies have been modeling
the role of motivation that mediates the relationship between the satisfaction of basic
psychological needs and the intention to continue exercising and have been verifying it in
various environments [19,32,33]. In particular, plogging is very important as a voluntary
action because it is both healthy exercise and an altruistic environmental action. Therefore,
the degree of satisfaction with the need for autonomy, as perceived through plogging
participation, is predicted to have a positive impact on the intrinsic and extrinsic motivation
of plogging participation, thereby influencing continuous exercise participation.

Hypothesis 1. The degree of autonomy experienced through plogging participation has a positive
(+) impact on intrinsic/extrinsic motivation.

Hypothesis 2. The degree of autonomy experienced through plogging participation has a positive
(+) impact on the intention to continue plogging participation.

Hypothesis 3. Intrinsic/extrinsic motivation mediates the relationship between the experience of
autonomy through plogging participation and the intention to continue participation.

Secondly, competence is a psychological need that is satisfied when an individual’s
abilities, skills, and talents are appropriately exercised in a specific environment [17]. The
desire for competence creates the optimal conditions for demonstrating abilities, and plays
a positive role in efforts to maintain and develop skills and abilities through specific
activities [17]. In the context of sports, it has been reported that it plays an important
role in stimulating intrinsic and extrinsic motivation for continuous training participation
for health promotion or sports skill development [39–41]. These research results suggest
that a sense of competence positively influences an individual’s intrinsic motivation to
feel confidence and efficiency, along with extrinsic rewards for acquiring sports skills and
exercise abilities. Other previous research has shown that if the desire for competence is not
satisfied due to failure to promote self-regulation or achieve goals in the context of sports
participation, it can have a negative impact on intrinsic motivation.
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Hypothesis 4. The degree of competence experienced through plogging participation has a positive
(+) impact on intrinsic/extrinsic motivation.

Hypothesis 5. The degree of autonomy experienced through plogging participation has a positive
(+) effect on the sustainability of participation.

Hypothesis 6. Intrinsic/extrinsic motivation mediates the relationship between the experience of
autonomy through plogging participation and the sustainability of participation.

Thirdly, the need for relatedness refers to the desire to feel a sense of belonging and
connection with others and to give and receive attention [17]. Relatedness is a fundamental
psychological need that is associated with human attachment, which plays a crucial role in
maintaining motivation and is particularly important in participating in activities [17,41].
The need for relatedness strengthens intrinsic and extrinsic motivation through stable
relationships with meaningful others. From this perspective, numerous studies report
that the establishment of stable relationships through interaction with others in exercise or
sports activity participation situations has a positive impact on the intention to continue
participating in exercise [39–41]. In Korea, plogging activities often take the form of a group
of people jogging while picking up trash. Also, SNS posts about plogging activities play
a positive role in exposing a positive self-image to others, which is a positive activity in
satisfying the need for relatedness.

Hypothesis 7. The degree of relatedness experienced through plogging participation has a positive
(+) effect on intrinsic/extrinsic motivation.

Hypothesis 8. The degree of relatedness experienced through plogging participation has a positive
(+) effect on the sustainability of participation.

Hypothesis 9. Intrinsic/extrinsic motivation mediates the relationship between the experience of
relatedness through plogging participation and the sustainability of participation.

2.3. An Eco-Friendly Environmental Attitude and Plogging Participation

As environmental issues have been set as a significant social agenda, the fact that
individuals’ daily behaviors collectively cause environmental pollution has become widely
known, so consumers’ socially responsible behaviors and pro-environmental (eco-friendly)
consumption habits have begun to take root [42]. Karp [43] defined such socially responsible
consumption behavior as self-transcendent behavior that contributes to the welfare of
society as a whole rather than individual benefits, and many scholars have conceptualized
eco-friendly environmental attitudes and primarily applied them to consumer behavior
analysis research [44,45].

Specifically, environmental attitudes refer to an individual’s beliefs or values about the
environment and the importance of environmental protection [46,47], and many studies
related to the execution of eco-friendly behavior commonly suggested that people with
high eco-friendly attitudes were more likely to promote decision-making behavior when
choosing products or services with environmentally friendly elements compared to peo-
ple with low eco-friendly environmental attitudes [44,45]. Seo Mun-sik, Eom Sung-won,
Son Eun-ji [48] reported that self-determination for pro-environmental consumption was
important for consumers of general products to engage in continuous eco-friendly envi-
ronmental consumption behavior, and that self-determination was regulated according to
pro-environmental attitudes.

Plogging participants can be considered a type of consumer who has chosen and
participated in plogging, an environmentally friendly sport, among various sports and
exercise types. In other words, if plogging is considered a kind of environmentally friendly
sports product, then the participants have made various considerations and invested
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time and effort to execute participatory consumption. In addition, the satisfaction of
basic psychological needs that are obtained in this process, together with the stimulation
of motivation, affect the intention to participate continuously. In this case, participants
with high pro-environmental attitudes are expected to have high self-determination for
pro-environmental consumption, and accordingly, the entire decision-making process
is strengthened, and the intention to participate continuously is higher. For example,
individuals with high pro-environmental attitudes are likely to believe that the degree to
which they feel connected to the environment and the community is strong, and that the
stable relationship formation with others through plogging participation can be further
strengthened through environmental protection activities. In other words, people with
high pro-environmental attitudes can be expected to have a stronger intention to continue
plogging participation, through the satisfaction of the need for relatedness conveyed by
participation experience, than those with low attitudes.

3. Research Method

3.1. Data Collection

The study aimed to analyze the relationship between the sustained participation intention
of plogging participants and the motivational factors mediating self-determination, and to
further examine whether this model varies according to the level of formation of eco-
friendly attitudes.

For this purpose, we surveyed plogging participants residing nationwide in South Korea
using a purposive sampling method, one of the non-probability sampling methods. To
collect plogging participants, we selected plogging-related clubs, related organizations, and
universities, and conducted online/offline surveys targeting participants who expressed their
willingness to participate in the research.

3.2. Survey Tools: Measurement Variables

Respondents completed the survey using a self-administration method. To measure
the sustained participation intention of participants with plogging activity experience and
the factors influencing it, we adapted measurement tools presented in previous studies
to suit this study. All independent variables, including three sub-variables of individual
psychological needs factors presented in the self-determination theory (autonomy, compe-
tence, and relatedness), and eco-friendly attitudes, were measured using Likert’s 7-point
scale (1: strongly disagree, 7: strongly agree).

To measure sustained participation intention in plogging activities, we adapted the
intention to exercise scale presented by Vlachopoulos and Michailidou [49]. We adapted the
scales for autonomy, competence, relatedness, intrinsic motivation, and extrinsic motivation
developed by Niven and Markland [50] for analyzing self-determination and intrinsic and
extrinsic motivation factors influencing continuous walking activity participation. Previous
studies such as those by Fenton, Duda, and Barrett and Fletcher [51] also verified and
presented that autonomy, competence, and relatedness presented in the self-determination
theory had a deep relationship with continuous exercise participation, similar to Niven
and Markland [50]. For eco-friendly attitudes, we used the eco-friendly attitude intensity
measurement questions presented by Hodgkinson and Innes [52], which have been used in
numerous studies measuring eco-friendly consumption intention or eco-friendly activity
participation intention. Hodgkinson and Innes [52] restructured the eco-friendly attitude
questions after quoting the environmental attitude scale (used in various fields) presented
by Dunlap and Van [53] and Forgas and Jolliffe [54], and conducted statistical validity
verification. Detailed information about the questions is presented in Table 1.
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Table 1. Measurement items by variable.

Item Frequency Source

Sustained participation
intention

1. I will continue to participate in plogging in the future;

Vlachopoulos, and
Michailidou
(2006) [49]

2. Plogging is important in my life and it will continue to be;

3. I will continue to participate in plogging in any circumstance;

4. In the long term, I believe it is important for me to participate
in plogging regularly.

Autonomy

1. I believe I can participate in plogging anytime I want;

Niven, Markland,
(2016)/

Fenton, Duda and
Barrett (2016) [50,51]

2. I was able to decide on participating in plogging by myself;

3. I was able to participate in plogging without any
significant constraints;

4. I was the one who decided to participate in plogging;

5. I freely chose to participate in plogging of my own volition.

Competence

1. I am confident in facing somewhat difficult challenges
in plogging;

2. I was confident in my physical ability necessary for
performing plogging;

3. I believe I was able to complete somewhat difficult
plogging activities;

4. I believe my physical ability has improved through plogging;

5. I feel good thinking that I have the ability to
complete plogging.

Relatedness

1. I felt an attachment to my colleagues who participate in
plogging together;

2. I feel like I am forming a common bond with people who
participate in plogging together;

3. I felt camaraderie with people who participate in
plogging together;

4. I felt a sense of intimacy with colleagues who have
experienced difficulties by plogging together;

5. I felt connected with colleagues during the time of
plogging together.

Motivation

Intrinsic

1. I think plogging is emotionally fun;

2. I participate in plogging to enjoy the time;

3. I think plogging is a fun activity;

4. I feel joy and satisfaction while plogging.

Extrinsic

1. I have the motivation to participate in plogging because it
brings me financial or other benefits;

2. I was motivated to participate in plogging to receive
recognition from friends, family, or colleagues;

3. I have motivation to participate through my plogging, I think
I feel the joy of others;

4. I was motivated to participate in plogging due to persuasion
from friends, family, or colleagues.
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Table 1. Cont.

Item Frequency Source

Eco-Attitude

1. I think environmental issues should be prioritized among
various social problems;

Hodgkinson and
Innes (2001) [52]

2. Seeing grey clouds over the city makes me feel depressed;

3. It annoys me to see people doing nothing for
the environment;

4. I want to volunteer to help people working to prevent
environmental pollution.

3.3. Data Processing and Analysis

To verify the research hypotheses presented earlier, IBM’s AMOS version 28 was
utilized to conduct: (1) descriptive statistical analysis, (2) validation of the measurement
model, (3) structural equation modeling, and (4) multi-group structural equation analysis.

The appropriateness of the data used in the descriptive statistical analysis was con-
firmed through the mean and standard deviation, skewness, kurtosis, correlation between
independent variables, and item reliability analysis of the measurement variables. Subse-
quently, in the validation of the measurement model, a confirmatory factor analysis was
conducted to determine whether the observed variables adequately explained the latent
variables. Specifically, the convergent validity was confirmed through composite reliability
(CR), and the discriminant validity was confirmed through the average variance extracted
(AVE). This was because the average value of the sub-item measurements was used to
measure a single independent variable in this study.

For hypothesis testing, a structural equation model was constructed based on the
hypotheses of the preceding theories, and model verification was conducted. Specifically,
in this study, a structural equation model including two mediating variables was verified.
In this process, the appropriateness of the research model was evaluated, and upon confir-
mation that the research model was at an appropriate level, the validity, size, and direction
of the path coefficients were interpreted. Additionally, a procedure was conducted to de-
compose the effects of the structural model and analyze the effectiveness of the mediating
variables [55].

Finally, the moderating effect of eco-friendly attitudes was verified by analyzing the
differences between groups with high eco-friendly attitudes and those without, using multi-
group structural equation model analysis. Ultimately, the significance of the difference in path
coefficients derived from the two models was verified, and the factors influencing the intention
to sustain participation intention were interpreted based on the information obtained.

4. Results

4.1. Data: Research Subjects

This study surveyed 309 plogging participants residing nationwide in South Korea
using a purposive sampling method, one of the non-probability sampling methods. To
collect plogging participants, we selected plogging-related clubs, related organizations, and
universities, and conducted online/offline surveys targeting participants who expressed
their willingness to participate in the research. Out of a total of 309 people, data from
288 were used in the research, excluding 11 people whose response data or content was
deemed unsuitable for analysis due to insincerity. All study subjects had participated in
plogging activities at least three times, and it was confirmed that the number of plogging
participations by the subjects was normally distributed. Detailed information on the
research subjects is presented in Table 2.
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Table 2. General characteristics of the study subjects.

Item Frequency Percentage (%)

Gender Male 165 57.3
Female 123 42.7

Age (years)

~19 60 20.8
20~29 71 24.7
30~39 57 19.8
40~49 41 14.2
50~59 40 13.9

60~ 19 6.6

Plogging experience (years)
~5 105 36.5

5~7 70 24.3
7~ 113 39.2

Participation type Regular 230 78.4
Irregular 58 21.6

Region Metropolitan 142 49.3
Non-metropolitan 146 50.7

Income ~USD 1800 156 54.2

(Monthly) USD 1800~3700 62 21.5

4.2. Descriptive Statistics, Correlation Analysis by Factor, and Reliability Analysis

Table 3 presents the descriptive statistics of the main variables measured in this study.
All measured variables are continuous, and their mean, standard deviation, minimum
value, maximum value, skewness, and kurtosis were examined. The mean values of the
constructs indicate that the intention to sustain plogging was 4.56 (sd = 1.83), autonomy
was 4.98 (sd = 1.75), competence was 4.92 (sd = 1.54), relatedness was 4.88 (sd = 1.64),
intrinsic motivation was 4.62 (sd = 1.60), extrinsic motivation was 4.50 (sd = 1.56), and
eco-friendly attitude was 5.11 (sd = 2.04). To verify the normality of the main variables,
the skewness and kurtosis values were checked. Skewness showed values from −0.48
to −0.068, and kurtosis showed values from −0.48 to 0.12, confirming that they satisfy
normality (West, Finch and Curran, 1995 [55]).

Table 3. Descriptive statistics of variables.

Variable M SD Min Max Skewness Kurtosis

SPI 4.56 1.83 1 7 −0.313 −0.228
AUT 4.98 1.75 1 7 −0.450 0.125
COM 4.92 1.54 1 7 −0.410 −0.298
REL 4.88 1.64 1 7 −0.482 0.250
MI 4.62 1.60 1 7 −0.068 −0.097
EI 4.50 1.56 1 7 −0.322 −0.358
EA 5.11 2.04 1 7 −0.377 −0.489

Table 4 presents the results of the correlation analysis for the main variables of this
study. If the correlation coefficient between the constructs used in multiple regression
analysis exceeds 0.7, multi-collinearity can occur, leading to statistical errors. However, the
correlation coefficients among the main variables of this study were all at a level lower than
0.7, confirming that there were no issues with statistical errors due to multi-collinearity.

Table 4. Correlation analysis between independent variables.

1 2 3 4 5 6 7

1. SPI -
2. AUT 0.673
3. COM 0.679 0.652
4. REL 0.691 0.623 0.692
5. MI 0.697 0.622 0.639 0.683
6. EI 0.419 0.336 0.324 0.584 0.442
7. EA 0.504 416 0.392 0.489 0.462 0.378
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4.3. Assessment of Measurement Model: Reliability and Validity Analysis

In this study, Cronbach’s α test and confirmatory factor analysis (CFA) were conducted
to verify the reliability and validity of the measurement tools used. Particularly, as the
reliability and validity of the measurement tool can vary depending on the subject, this
study not only considered the entire group but also divided the group into those with high
and low eco-friendly attitudes to verify whether the measured tools for each group were at
a satisfactory level. For eco-friendly attitudes, the average value was 5.11, and the group
was divided (mean split) based on this average.

Confirmatory factor analysis was conducted to analyze the fit of the measurement
model. The results showed that the entire group (χ2 = 198.822 [df = 105, p < 0.01],
χ2/df = 1.893, TLI = 0.927, CFI = 0.944, RMSEA = 0.058, SRMR = 0.062), the group with high
eco-friendly attitudes (χ2 = 211.454 [df = 105 < 0.01], χ2/df = 2.013, TLI = 0.897, CFI = 0.881,
RMSEA = 0.062, SRMR = 0.069), and the group with low eco-friendly attitudes (χ2 = 231.778
[df = 105 < 0.01], χ2/df = 2.207, TLI = 0.847, CFI = 0.834, RMSEA = 0.064, SRMR = 0.067) all
exhibited satisfactory levels.

Upon conducting the reliability analysis in Table 5, the reliability α values of each
sub-domain for the entire group were between 0.856 and 0.917, for the group with high
eco-friendly attitudes they were between 0.856 and 0.911, and for the group with low
eco-friendly attitudes, they were between 0.877 and 0.914. Since a reliability level of 0.6 or
above is considered satisfactory, it was confirmed that the internal reliability of the items
used in this study were all at a trustworthy level.

Table 5. Reliability analysis of measurement items (CFA).

Variable b SE t
α CR AVE

Total EA(H) EA(L) Total EA(H) EA(L) Total EA(H) EA(L)

AUT 1 1.000 - - 0.917 0.911 0.924 0.950 0.898 0.778 0.863 0.747 0.540
AUT 2 0.981 0.031 21.06
AUT 4 0.905 0.033 19.55

COM 2 1.000 - - 0.909 0.900 0.886 0.875 0.793 0.812 0.701 0.561 0.591
COM 3 0.895 0.066 30.01
COM 5 0.756 0.051 17.91

REL 1 1.000 - - 0.903 0.873 0.910 0.835 0.831 0.807 0.629 0.623 0.584
REL 2 0.815 0.037 18.66
REL 3 0.701 0.020 18.89

MI 1 1.000 - - 0.911 0.856 0.896 0.866 0.845 0.799 0.683 0.647 0.572
MI 2 0.853 0.030 20.35
MI 3 0.768 0.067 17.53

EI 1 1.000 - - 0.856 0.889 0.877 0.752 0.812 0.784 0.504 0.591 0.548
EI 2 0.749 0.056 15.64
EI 3 0.657 0.075 16.35

Note 1. Total model fit: χ2 = 198.822 (df = 105, p < 0.01), χ2/df = 1.893, TLI = 0.927, CFI = 0.944, RMSEA = 0.058,
SRMR = 0.062. Note 2. EA high group: χ2 = 211.454(df = 105 < 0.01), χ2/df = 2.013, TLI = 0.897, CFI = 0.881,
RMSEA = 0.062, SRMR = 0.069. Note 3. EA low group: χ2 = 231.778 (df = 105 < 0.01), χ2/df = 2.207, TLI = 0.847,
CFI = 0.834, RMSEA = 0.064, SRMR = 0.067.

The CR value for verifying the convergent validity of the measurement tool was
0.752–0.950 for the entire group, 0.793–0.898 for the group with high eco-friendly attitudes,
and 0.778–0.812 for the group with low eco-friendly attitudes. Considering that the com-
monly accepted figure is 0.5, it was confirmed that the measurement tool of this study was
at an appropriate level [56]. The AVE value, which was confirmed to verify the discriminant
validity of the measurement tool, was 0.504–0.863 for the entire group, 0.561–747 for the
group with high eco-friendly attitudes, and 0.540–591 for the group with low eco-friendly
attitudes. Considering that the commonly accepted figure is between 0.5 and 0.95, it was
confirmed that the measurement tool of this study would secure discriminant validity [57].
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4.4. The Role of Motivation in Mediating the Relationship between Self-Determination Factors and
Sustained Participation Intention: Structural Equation Analysis (Study 1)

This study conducted a structural equation modeling analysis to examine the relationship
between the degree of self-determination factors experienced by plogging participants, their
intrinsic and extrinsic motivation, and their intention to continue participating. Based on
the hypotheses of research question 1 (Hypotheses 1–9), we constructed and analyzed the
research model. First, the fit of the research model was analyzed and the results showed that
X2(df) = 479.08(219), TLI = 0.915, CFI = 0.903, and RMSEA = 0.056. This indicated that the
structural equation model was at an acceptable level for interpretation [58].

Looking at the path process of the structural model presented in [Figure 1] in detail, the
basic psychological needs factors of autonomy (b = 0.422, p < 0.001), competence (b = 0.214,
p < 0.05), and relatedness (b = 0.681, p < 0.001), proposed in the self-determination theory, were
found to have a positive (+) impact on intrinsic motivation. This suggests that the stronger
the experience of autonomy and competence in past plogging participation and the better the
relatedness with the people who participated together, the stronger the intrinsic motivation
for plogging participation. Among these, the experience of relatedness had the greatest
impact on intrinsic motivation, and the experience of competence was analyzed as the lowest.
Conversely, extrinsic motivation showed a somewhat different trend, where the intensity of
the experience of autonomy (b = 0.155, p > 0.05) and competence (b = 0.021, p > 0.05) did not
have a significant impact, and the experience of relatedness with the people who participated
together (b = 0.245, p < 0.01) had a significantly positive (+) impact. This suggests that the
relationship between the formation of plogging exercise participation motivation, according
to the type and degree of basic human needs satisfaction proposed in the self-determination
theory, is mainly related to intrinsic motivation, and for extrinsic motivation, only relatedness
has an impact.

Figure 1. Verification of the structural equation model.

132



Sustainability 2023, 15, 11806

In contrast, when analyzing the direct effect of the basic psychological needs satisfaction
factors proposed in the self-determination theory on the relationship with the intention to
continue plogging participation, the experience of autonomy (b = 0.004, p > 0.05) and competence
(b = 0.098, p > 0.05) did not have a significant impact, whereas the experience of relatedness
with the people who participated together (b = 0.466, p < 0.001) had a direct positive (+) effect.
In addition, the intrinsic motivation (b = 0.832, p < 0.001) and extrinsic motivation (b = 0.089,
p < 0.05) set as mediators both had a statistically significant positive (+) impact on the intention
to continue participating, with intrinsic motivation having the greater impact.

In addition, an effect decomposition analysis was conducted to analyze the effect of
intrinsic and extrinsic motivation mediating the relationship between the basic psychological
needs satisfaction experience through plogging activities and the intention to continue plogging
participation. The analysis results are presented in Table 6.

Table 6. Decomposition of effects in the structural model.

Path Direct Effect Indirect Effect Total Effect
Bias Corrected,

95% (BC)

REL → MI → SPI 0.466 0.566 1.032 0.178~0.397 ***

REL → ME → SPI 0.466 0.021 0.487 0.012~0.201 *
Note 1. The mediating effect of intrinsic/extrinsic motivation between autonomy and intention to continue
participating does not hold. Note 2. The mediating effect of intrinsic/extrinsic motivation between competence
and intention to continue participating does not hold. Note2. *: p < 0.05, ***: p < 0.001.

In the case of autonomy, the direct effect on the intention to continue plogging partic-
ipation and extrinsic motivation was not significant, and only a direct effect on intrinsic
motivation was observed. Furthermore, since intrinsic motivation had a direct impact
on the intention to continue participating, the mediation model of intrinsic and extrinsic
motivation mediating the impact of autonomy on the intention to continue participating
did not hold because the direct effect of autonomy on the intention to continue participating
was not significant (b = 0.004, p > 0.05). Similarly, in the case of competence, the direct
effect on the intention to continue participating was not significant, so the mediation model
did not hold (b = 0.098, p > 0.05). In contrast, in the case of relatedness, the direct effect on
the intention to continue participating was significant (b = 0.466, p < 0.001), and the effects
of relatedness on both intrinsic motivation (b = 0.681, p < 0.001) and extrinsic motivation
(b = 0.242, p < 0.05) were significant. Since both intrinsic motivation (b = 0.832, p < 0.001)
and extrinsic motivation (b = 0.089, p < 0.05) had significant effects on the intention to
continue participating, the mediation model held. Specifically, the indirect effect of intrinsic
motivation mediating the relationship between relatedness and the intention to continue
participating was 0.566 (B.C: 0.178~0.397, p < 0.001), and the indirect effect of extrinsic
motivation was 0.021 (B.C: 0.012~0.201, p < 0.001). The indirect effect of intrinsic motivation
was greater than the direct effect of relatedness on the intention to continue participating,
and the indirect effect of extrinsic motivation was smaller. The sum of the indirect effects of
intrinsic and extrinsic motivation (0.587) was greater than the direct effect of relatedness
on the intention to continue participating (0.466), indicating that intrinsic and extrinsic
motivation fully mediate the relationship between relatedness and the intention to continue
participating. However, the fact that the indirect effect of extrinsic motivation (0.021) was
significantly smaller than that of intrinsic motivation (0.566) confirms the important role of
intrinsic motivation.

4.5. Verification of Group Differences According to Eco-Friendly Attitudes: Multi-Group
Structural Equation Analysis (Study 2)

This study performed a multi-group structural equation analysis, to verify the dif-
ferences in motivation, which mediates the relationship between the degree of perceived
basic psychological needs satisfaction and the intention to continue participation through
plogging participation analyzed earlier, according to eco-friendly attitudes. The average
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value of eco-friendly attitudes was 5.11, and the group with a lower average was named
the low eco-friendly attitude group (146 people), and the group with a higher average was
named the high eco-friendly attitude group (142 people).

To compare the path coefficients between the two groups, we analyzed the similarity
between the two models by comparing the form similarity and structure similarity. The results
showed that the unconstrained model and the form similarity model exhibited a good fit with
χ2 = 524.375 (df = 187), CFI = 0.915, and RMSEA = 0.051. In the measurement similarity model,
when the path between the latent variable and the measurement variable was constrained
to be the same, χ2 = 589.758 (df = 200), CFI = 0.913, and RMSEA = 0.048, the model and
data showed a relatively good fit and there was no statistically significant difference from the
form similarity model. Through this, it was confirmed that the observed variables measuring
each construct were perceived equal between groups. In addition, in the structural similarity
model, when the variance and covariance of the latent variables were constrained, it was
analyzed as χ2 = 605.217 (df = 218), CFI = 0.910, and RMSEA = 0.044, and the model and
data showed a relatively good fit. Furthermore, there was a statistically significant difference
in the χ2 difference comparison between the form similarity and measurement similarity
models. Based on these results, it was confirmed that the two groups, divided according to
eco-friendly attitudes, had an effect as control variables, and a path coefficient comparison
analysis was performed for the high and low groups of eco-friendly attitudes. The analysis
results are shown in Table 7.

Table 7. Estimated path coefficients and comparison by group.

Path Δχ2
EA (Low) EA (High)

b SE b SE

AUT → MI 0.94 0.402 *** 0.102 0.500 *** 0.088
AUT → ME 3.09 ** 0.243 * 0.143 0.113 0.160
AUT → SPI 0.55 0.073 0.097 0.085 0.084
COM → MI 4.01 ** 0.194 ** 0.118 0.054 0.114
COM → ME 3.09 ** 0.001 0.167 0.056 0.211
COM → SPI 0.08 0.027 0.099 0.140 0.087
REL → MI 0.98 0.586 *** 0.125 0.633 *** 0.110
REL → ME 2.79 * 0.172 * 0.174 0.328 * 0.199
REL → SPI 0.43 0.563 *** 0.124 0.412 *** 0.102
MI → SPI 0.98 0.386 *** 0.100 0.447 *** 0.089
EI → SPI 0.99 0.104 * 0.063 0.028 0.045

Note 1. Indirect effect between AUT → MI → SPI (BC 95%): 0.047~0.191 **. Note 2. Indirect effect between
COM → MI → SPI (BC 95%): 0.051~0.301 **. Note 3. Indirect effect between REL → MI/ME → SPI (BC 95%):
0.009~0.071 ***. Note 3. *: p < 0.05, **: p < 0.01 ***: p < 0.001.

First, in the case of the influence of autonomy on intrinsic motivation, both the low
eco-friendly attitude group (b = 0.402, p < 0.001) and the high group (b = 0.500, p < 0.001)
had a significant positive influence, and no difference was found in the two path coefficients
(Δχ2 = 0.94, p > 0.05). In the case of the influence of autonomy on extrinsic motivation, while
the low eco-friendly attitude group had a significant influence (b = 0.243, p < 0.05), the high
eco-friendly attitude group did not have a statistically significant influence (b = 0.113, p > 0.05).
The analysis of the difference in path coefficients was statistically significant (Δχ2 = 3.09,
p < 0.01). In the case of the influence of autonomy on the intention to continue participation,
neither the high eco-friendly attitude group (b = 0.073, p > 0.05) nor the low group (b = 0.085,
p > 0.05) had a significant influence, and the difference in the two path coefficients was also
not significant (Δχ2 = 0.55, p > 0.05). In the case of the influence of competence on intrinsic
motivation, while the low eco-friendly attitude group (b = 0.194, p < 0.01) was significant, the
high eco-friendly attitude group (b = 0.054, p > 0.05) was not significant, and the difference
in the two path coefficients was also significant (Δχ2 = 0.4.01). In the case of the influence of
competence on extrinsic motivation, neither the low eco-friendly attitude group (b = 0.001,
p > 0.05) nor the high group (b = 0.056, p > 0.05) had a significant influence, and no difference
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was found between the two path coefficients (Δχ2 = 0.080, p > 0.05). In the case of relatedness,
both the low eco-friendly attitude group (b = 0.586, p < 0.001) and the high eco-friendly
group (b = 0.633, p < 0.001) had a significant influence on intrinsic motivation. Both the low
eco-friendly attitude group (b = 0.563, p < 0.001) and the high eco-friendly attitude group
(b = 0.412, p < 0.001) had a significant influence on the intention to continue participation.
However, only the high eco-friendly attitude group (b = 0.328, p < 0.05) had a significant
influence on extrinsic motivation. The path coefficient difference verification results showed
no significant differences between the two groups for the influence on intrinsic motivation
(Δχ2 = 0.98, p > 0.05) and the influence on the intention to continue participation (Δχ2 = 0.43,
p > 0.05), but a significant difference was confirmed between the two groups in the case of
extrinsic motivation (Δχ2 = 2.79, p < 0.01).

To understand the different patterns of mediating effects that can occur depending on
eco-friendly attitudes, we compared the mediating effect analysis for each model of the low
and high eco-friendly attitude groups (Table 8). First, in the case of the low eco-friendly
attitude group, the direct effect of autonomy on the intention to continue participation
was not significant (b = 0.55, p > 0.05), so the mediating effects of intrinsic motivation and
extrinsic motivation mediating autonomy and the intention to continue participation were
not established. The same was true for competence, where the direct effect on the intention
to continue participation (b = 0.027, p > 0.05) was not significant, so the mediating effects of
intrinsic motivation and extrinsic motivation were not established. It was confirmed that
there were significant correlations between relatedness and intrinsic motivation (b = 0.633,
p < 0.001), relatedness and extrinsic motivation (b = 0.172, p < 0.05), intrinsic motivation and
the intention to continue participation (b = 0.447, p < 0.001), and extrinsic motivation and
the intention to continue participation (b = 0.104, p < 0.05). Also, the relationship between
relatedness and the intention to continue participation (b = 0.412, p < 0.001) was significant.
Through this, it was confirmed that the model in which intrinsic and extrinsic motivation
mediated relatedness and the intention to continue participation was established, and
the significance of the mediating effect was also confirmed through the Sobel test (B.C:
0.012~0.131, p < 0.001). Specifically, it was confirmed that only intrinsic motivation partially
mediated the relationship between relatedness and the intention to continue participation,
considering that the influence of relatedness on extrinsic motivation was not significant
and that the direct effect (b = 0.563) of relatedness on the intention to continue participation
was greater than the indirect effect (b = 0.244) that influenced through intrinsic motivation.

Table 8. Decomposition of effects in the structural model by generational groups.

Group Path Direct Effect Indirect Effect Total Effect
Bias

Corrected, 95% (BC)

EA (Low) REL → SPI 0.563 0.244 0.789 0.012~0.131 ***
EA (High) REL → SPI 0.412 0.292 0.704 0.049~0.205 **

**: p < 0.01, ***: p < 0.001.

In both the high and low eco-friendly attitude groups, the mediating effects of intrinsic
and extrinsic motivation were not established because there was no significant correlation
between the intention to continue participation and autonomy and competence. However, a
somewhat different pattern of mediating effects was found in relatedness. It was confirmed
that there were significant correlations between relatedness and intrinsic motivation (b = 0.633,
p < 0.001), and between intrinsic motivation and the intention to continue participation
(b = 0.447, p < 0.001). In addition, the relationship between relatedness and the intention to
continue participation (b = 0.412, p < 0.001) was significant. However, the relationship between
extrinsic motivation and the intention to continue participation (b = 0.028, p > 0.05) was not
significant. Through this, it was confirmed that the model in which intrinsic motivation
mediated relatedness and the intention to continue participation was established, and the
significance of the mediating effect was also confirmed through the Sobel test (B.C: 0.049~0.205,
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p < 0.001). Specifically, it was confirmed that only intrinsic motivation partially mediated the
relationship between relatedness and intention.

5. Discussion and Conclusions

Eco-friendly sports emphasize the interaction between humans and nature, allowing
us to reconsider our lifestyles and responsibilities towards the environment. They also
play a positive role in individual health and social life as healthy exercise [59]. This study
analyzed the relationship between the three basic psychological needs of a human: auton-
omy, competence, and relatedness, intrinsic and extrinsic motivation, and the intention
to continue participating in plogging, an eco-friendly sport. The study also analyzed
the moderating effect of eco-friendly attitudes on the previously established model to
understand the uniqueness of plogging activities as eco-friendly behaviors. Based on
the theoretical background of self-determination theory and previous studies related to
eco-friendly attitudes, a total of 10 hypotheses were set and verified.

First, Hypotheses 1–3, which analyzed the relationship between the fulfillment of
autonomy and the intention to continue participating and intrinsic/extrinsic motivation,
were partially supported for Hypothesis 1, but Hypotheses 2 and 3 were rejected. In the
case of Hypothesis 1, the promotion of intrinsic motivation for plogging according to the
degree of autonomy experienced through plogging participation was found, but extrinsic
motivation was not found, so it was partially supported. In the case of Hypothesis 2,
the influence of autonomy experienced through the intention to continue plogging was
not significant, so it was rejected. Therefore, the mediating effect of intrinsic/extrinsic
motivation mediating the relationship between autonomy and the intention to continue
participating was not established, so Hypothesis 3 was also rejected. Although this supports
the results of previous studies [60,61], in that the fulfillment of autonomy affects intrinsic
motivation, the results differed in that it does not affect extrinsic motivation or have a
direct impact on the intention to continue participating. This may be because plogging
is related to volunteer activities as an eco-friendly sport, not a simple concept of healthy
exercise. Volunteer activities are altruistic behaviors that are unrelated to extrinsic rewards.
Therefore, it can be interpreted that the impact on extrinsic motivation was minimal.
The fact that no difference in participation intention was found according to the degree
of autonomy experience may be due to the small variance; specifically, most plogging
participants did not feel a compulsion in the participation experience as volunteers, and,
accordingly, no difference in the intention to continue participating was found.

Next, Hypotheses 4–6, which verified the relationship between competence and the
intention to continue participating and intrinsic/extrinsic motivation, were partially sup-
ported for 4 but rejected for 5 and 6. Generally, the experience of competence is the factor
that most influences the intention to continue participating in healthy exercise or sports
activities [39–41]. Exercise participants feel a sense of competence in the process and expe-
rience of achieving goals such as skeletal muscle enhancement and weight loss through
exercise participation [62]. Furthermore, sports activity participants feel a sense of com-
petence through experiences of victory in competition or record reduction. This sense of
competence has a strong influence on intrinsic motivation, such as pleasure and satisfaction,
and also affects extrinsic motivation by acting as a reward. However, in the results of
this study, competence did not directly influence the intention to continue exercising and
extrinsic motivation, but only influenced intrinsic motivation, partially supporting the
results of previous studies. A possible reason is that the participation motivation and
experience of eco-friendly sports participants are different from general exercise for health
activities. The results of this study coincide with numerous studies explaining eco-friendly
consumer behavior, which argue that the intrinsic reward system does not operate in altru-
istic behavior, and that self-efficacy and the satisfaction obtained through environmental
protection activities act as important motivations [44,45,48].

Third, Hypotheses 7–9, which verified the relationship between relatedness and intrin-
sic/extrinsic motivation and the intention to continue participating, were all supported, unlike
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the previous results. As discussed earlier, relatedness is a basic psychological need defined by the
desire to feel a sense of belonging by connecting with others and society and plays an important
role in maintaining motivation [41]. While autonomy and competence only influenced intrinsic
motivation and did not influence the intention to continue participating, relatedness influenced
both intrinsic and extrinsic motivation, as well as the intention to continue participating. This
result is consistent with the results of previous studies which showed that group participation
was important in plogging, an eco-friendly sport, and played an important role in positive
self-image exposure using social networks [7,9]. In this study, the partially mediating effects
of intrinsic and extrinsic motivation were confirmed, but from the decomposition of the total
effect, the effect of extrinsic motivation converged close to 0, confirming the importance of the
role of intrinsic motivation.

Lastly, Hypothesis 10, which verified the moderating effect of eco-friendly attitudes,
was also supported because some path differences in the structural model were found
between the group with high eco-friendly attitudes and the group with low eco-friendly
attitudes. In particular, there were differences in the path coefficients for the influence of
autonomy on extrinsic motivation, the influence of competence on intrinsic and extrinsic
motivation, and the influence of relatedness on extrinsic motivation. In the group with
high eco-friendly attitudes, there was an effect of increasing extrinsic motivation according
to the experience of autonomy, but no significant correlation was found in the group with
low eco-friendly attitudes. In addition, competence did not influence either intrinsic or
extrinsic motivation in the group with high eco-friendly attitudes. In other words, people
with high eco-friendly attitudes understand that the intention to continue participating
in plogging increases according to intrinsic motivation, regardless of the experience of
autonomy or competence. The study results imply that the unique exercise effect of
plogging, as suggested by Raghavan, Panicker and Emmatty [11], does not influence
continuous participation, and the strategy to increase the intention to continue participating
through the promotion of exercise effects may not be effective.

In summary, the study results support those of previous studies that have researched the
relationship between the fulfillment of basic human needs such as autonomy, competence,
and relatedness, as suggested by self-determination theory, and the intention to participate in
sports activities, but also derive some different results. In particular, the results are different
from previous studies in that while the experiences of autonomy, competence, and relatedness
influence intrinsic motivation and affect the intention to continue participating, autonomy
and competence do not affect extrinsic motivation, and relatedness operates as the most
influential explanatory variable. These results confirm that plogging activities have a strong
concept of volunteer activities, and the role of plogging activities is more related to pro-social
behavior for enhancing relationships with others than to the physical competence gained
from participation. It also confirms that autonomy plays an important role through it being a
volunteer activity. Through this, it may be tentatively concluded that voluntary participation
and socializing activities are the core values conveyed by plogging activities. In addition, the
study results confirm that plogging is a volunteer activity that provides a sporting experience
and an eco-friendly behavior, and the value felt by the participants and the effect of the various
influencing factors on the intention to continue participating are different depending on the
formation level of their eco-friendly attitudes.

The results of this study have the following academic and policy implications. First, from
an academic perspective, this study contributes to understanding the role of self-determination
factors for continuing participation in physical activities such as plogging from a theoretical
perspective. Reconfirming the importance of the experience of autonomy, competence, and
relatedness obtained through plogging participation and understanding how these experi-
ences influence the intention to continue plogging through intrinsic/extrinsic motivation,
as well as attempting an interdisciplinary approach to promote environmentally friendly
behavior in the sports sector, also has academic significance in that it contributes to reducing
the theoretical gap in the relationship between eco-friendly sports participation behavior,
attitudes, and motivation. Many previous studies point out the situation that even if there
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is consideration for or valuing of the environment, it is not often directly connected to
eco-friendly behavior or eco-friendly consumption, and mention the need for research to
reduce the gap between consideration for or valuing of the environment and eco-friendly
behavior [63,64]. In this regard, this study contributes to reducing the theoretical gap in the
relationship between eco-friendly sports participation behavior, attitudes, and motivation,
which is also of academic significance.

Furthermore, from a policy perspective, the study results have significance in that
they can be used as the basis for developing policies to develop and support eco-friendly
sports to promote physical activity and environmental protection. From a sociological
perspective, participation in eco-friendly sports contributes to raising the environmental
awareness of society members, and these activities promote community participation and
social responsibility for the environment [65]. Therefore, the study results provide the
information necessary for policymakers to encourage and maintain plogging participation,
which is meaningful. That is, through informed policy-making, plogging can play a role in
creating a healthier and more sustainable society and environment while improving the
physical and mental health of society members.
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Abstract: Cobalt oxide has good catalytic activity for peroxydisulfate (PDS) activation but poor
stability and is vulnerable to inactivation because of agglomeration. In this work, the chlortetracycline
(CTC) degradation by peroxydisulfate (PDS) catalysis using the reduced graphene oxide support
cobalt oxide (Co3O4/rGO) composite catalyst was investigated. It was found that 86.3% of CTC was
degraded within 120 min in the Co3O4/rGO-800/PDS system. The influences of catalyst dosage, PDS
concentration, solution pH, and reaction temperature were systematically explored. The excellent
removal performance of CTC could be attributed to the synergistic effect between adsorption and
catalytic degradation. ≡Co2+ and surface functional groups played as active sites to catalyze PDS,
and the circulation of ≡Co2+/≡Co3+ was achieved. Moreover, Co3O4/rGO-800 showed satisfactory
reusability after three cycles. This research can provide useful information for the development of
efficient PDS catalysts and facilitate insights into CTC degradation mechanism.

Keywords: antibiotic; advanced oxidation processes (AOPs); reduced graphene oxide; cobalt
oxide; wastewater

1. Introduction

Chlortetracycline (CTC) are tetracycline antibiotics that are widely prescribed and
often applied as pharmaceutical ingredients and feed additives [1]. Owing to widespread
utilization, CTC were detected as common species causing water contamination world-
wide [2–4]. When CTC spreads among bacteria and natural microbial populations, it
may trigger the imbalance of the ecosystem and threaten human health through the food
chain [5]. At the same time, changes in bacterial adaptation caused by the misuse of
antibiotics were investigated and evaluated, and the environmental risks posed by the
development of drug-resistant bacteria in various countries cannot be underestimated [6,7].

To ensure food safety, control water contamination and the proliferation of drug-
resistant bacteria, various approaches were proposed to eliminate CTC [8,9]. Advanced
oxidation processes (AOPs) use the powerful oxidative free radicals (such as •OH) to
oxidize and even mineralize pollutants, it is considered as an efficient and insightful
remediation technique [10]. Recently, sulfate radicals-based AOPs caused rising interests
owing to the advantages of high performance and wide operation pH range [11]. Sulfate
radicals (SO4

•−) could be generated through activating peroxymonosulfate (PMS) and
peroxydisulfate (PDS) using different activation strategies, such as UV irradiation, heat,
ultrasound, alkaline, and transition metals [12]. Transition metals activation is widely
deemed as a promising approach since it is simple, low cost, and high performance [13].
Cobalt (Co) is the most efficient PDS catalyst compared with other transition metals,
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and cobalt ion (Co2+) was frequently reported as an effective PDS activator for organic
pollutants degradation [14]. However, the application of homogeneous Co2+ would lead to
the discharge of Co2+. Co2+ is highly toxic and carcinogenic, and the remaining Co2+ in the
aquatic solution are likely to have negative effects on human health [15].

Heterogeneous cobalt containing materials are considered promising alternative ap-
proaches. Recently, Co3O4 nanoparticles were widely used as PDS catalysts. For instance,
Zhang et al. reported that orange G was completely degraded in the Co3O4/PDS system in
180 min [16]. Yang et al. investigated the effective degradation of orange G with Co3O4
as persulfate catalyst. They found that orange G (30 mg/L) could be almost completely
removed after 10 min reaction at 0.5 g/L Co3O4 catalyst and 8.0 mM persulfate [17]. How-
ever, a serious agglomeration problem was observed when using Co3O4 nanoparticles
because of the high surface energy [13]. Loading cobalt oxide onto appropriate support
materials is a feasible solution to solve this problem [18]. Graphene is a two-dimensional
monolayer of sp2-hybridized carbon material [19]. It is considered as a potential carrier
because of large surface area and excellent electrical conductivity [20]. It was reported
that the combined transition metals with graphene could improve the stability as well as
enhance its catalytic activity [15]. However, graphene will undergo considerable restacking
through π–π and hydrophobic–hydrophobic interactions when used directly [21].

Recently, reduced graphene oxide (rGO) exhibited excellent persulfate activation ac-
tivity for the generation of powerful reactive species [22]. It was reported that the defective
structure and ketonic groups existed on rGO might play as active sites for persulfate activa-
tion [23]. For example, Olmez-Hanci et al. reported that rGO was an efficient persulfate
activator for Bisphenol A degradation. They found that Bisphenol A can be completely
removed by rGO/persulfate system within 10 min [23]. Cruz-Alcalde et al. developed the
rGO membranes to activate persulfate for phenol and venlafaxine degradation. The results
indicated that 90% and 94% of phenol and venlafaxine could be removed after treatment,
respectively [24]. Therefore, the integration of rGO with Co3O4 nanoparticles can not only
improve the dispersive forces within nanomaterial, but the catalyzing activity towards
PDS could also be significantly enhanced [25]. For instance, Yan et al. developed reduced
graphene oxide supported magnetite nanoparticle composite (nFe3O4/rGO) and used it
as PDS catalyst for the degradation of trichloroethylene (TCE). The degradation rate of
TCE was 98.6% within 5 min at 6.94 g/L of nFe3O4/rGO and 3 mM PDS [26]. Ahmad et al.
developed reduced graphene oxide-iron nanocomposite (nZVI-rGO) to activate persulfate
for trichloroethylene degradation. The results indicated that the nZVI-rGO/persulfate
process could remove approximately 99% of trichloroethylene within 2 min [27]. However,
there are no researches on the application of rGO-supported cobalt oxide composite as a
PDS activator for CTC degradation.

In this work, the CTC degradation by PDS catalysis using the reduced graphene
oxide support cobalt oxide (Co3O4/rGO) composite catalyst was studied. Co3O4/rGO
was synthesized with a simple strategy. The crucial influencing factors, including catalyst
dosage, PDS concentration, pH, and temperature on CTC degradation, were experimentally
explored. CTC degradation mechanisms were investigated according to the experimental
results and characterization analysis. The catalyst’s reusability was examined using cyclic
experiments. The main objectives of this research are to: (1) prepare and systematically char-
acterize the Co3O4/rGO-800 catalyst, (2) evaluate the activity of different catalysts that are
synthesized under different conditions, (3) investigate the impacts of crucial environmental
factors on CTC degradation, (4) elucidate CTC degradation mechanisms in the Co3O4/rGO-
800/PDS system. This research can provide useful information for the development of
efficient PDS catalysts and facilitate insight into CTC degradation mechanism.

2. Materials and Methods

2.1. Chemicals

Urea, CoCl2•6H2O, sodium peroxydisulfate, chlortetracycline hydrochloride (CTC),
and NaOH were purchased from Shanghai Macklin Biochemical Co., Ltd., Shanghai, China.
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Graphene oxide (GO) was obtained from JCNANO Tech Co., Ltd., Nanjing, China. Ethanol
and sulfuric acid was obtained from Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China. Deionized (DI) water was used in the experiments.

2.2. Catalysts Synthesis

A total of 50 mg of dried GO was accurately weighed and transferred into a 100 mL
beaker. An amount of 20 mL of DI water was added to the beaker, and it was sonicated and
dispersed for 30 min to form a GO homogenate. Then, different amounts of CoCl2•6H2O
were added to the homogenate (0.5–2 mM), and 2 g of urea was added to improve the
loading success of metal atom. After stirring with an electromagnetic stirrer for 4 h, the
homogenate was filtered and thoroughly washed, and dried at 60 ◦C. The solid was ground
into powder form to obtain precursors of the material for subsequent experiments.

The above precursor materials were heated in a tube furnace under N2 atmosphere at
the heating rate of 5 ◦C min−1. The temperature was set up to reach 700 ◦C, 800 ◦C, and
900 ◦C. Additionally, these temperatures were maintained for 2 h. The black powders were
designated Co3O4/rGO-700, Co3O4/rGO-800, and Co3O4/rGO-900.

2.3. Experimental Procedures

CTC degradation was carried out in a 200 mL glass flask containing 100 mL of CTC
(20 mg L−1) with a constant stirring at 25 ◦C. Influences of crucial factors (catalyst dosage,
PDS concentration, pH, temperature) were studied using single-factor experiments. A
non-homogeneous system was formed by adding 50 mg of catalyst, stirring uniformly and
then left to settle for 30 min under light-proof conditions. Then, solution pH was adjusted
by using NaOH (1 M) and HCl (1 M). Thereafter, degradation was initiated through adding
PDS to the stirred system. At the specified time interval, 1 mL of the sample solution was
extracted and filtered through an aqueous microporous membrane (0.45 μm) before the
measurement of concentration. The reusability of the catalyst was examined using cycling
experiments.

3. Result and Discussion

3.1. Characterization

Scanning electron microscope (SEM) coupling energy dispersive spectrometer (EDS)
(ZEISS Sigma 300) was applied for the analysis of surface morphology of catalyst. According
to the SEM images (Figure 1a–d), the Co3O4/rGO-800 presented an irregular and curled
flake structure, which was consistent with the results in other researches [28,29], indicating
the reduction in GO was successful. Additionally, the rough and wrinkled surface of
graphene flakes increased the effective contact area of the material and exposed more
surface active sites, which was significant for the adsorption properties of the Co3O4/rGO-
800 [23]. In addition, the loading of cobalt was also observed on the surface of the material,
and the more uniform spherical or ellipsoidal particles were distributed on the surface of
the graphene sheets. According to EDS images (Figure 1e–h), C, N, O, and Co elements
were uniformly distributed on the catalyst surface, indicating that reduced graphene oxide-
supported cobalt was successfully prepared, which was consistent with the SEM results.

X-ray diffraction (XRD, Panalytical Empyrean) was used to determine the composition
of the catalyst. One sharp peak at 2θ = 10.4◦ attributed to the (001) crystal plane was ob-
served at the XRD pattern of GO (Figure 2) [30]. For Co3O4/rGO-800, the peak at 2θ = 10.4◦
disappeared, and there were three peaks at 2θ = 25.1◦, 39.5◦, and 49.8◦, corresponding
to the (002) facet of stacked graphene sheets [28], the (222) and (331) crystal faces of the
cobalt oxide (Co3O4) nanoparticles, respectively (JCPS No. 76-1802) [31]. These results
were in accordance with the SEM results and elemental mapping results. In conclusion, the
characterization analysis results demonstrated that cobalt oxide was successfully loaded
onto rGO.
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Figure 1. (a–d) SEM images of Co3O4/rGO-800; (e–h) the corresponding EDS mapping of
Co3O4/rGO-800).

Figure 2. XRD patterns of GO and Co3O4/rGO-800.
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3.2. Evaluation of Catalytic Performance

The catalytic activity of Co3O4/rGO-800 was evaluated (Figure 3). Clearly, CTC
could not be efficiently removed with PDS alone and Co3O4/rGO-800 alone. Without
Co3O4/rGO-800, only 6.8% of CTC was removed after 120 min, suggesting that CTC
could not be efficiently degraded with unactivated PDS, and a catalyst was needed to
catalytic reaction [28]. Additionally, the addition of Co3O4/rGO-800 only removed 23.6%
CTC within 120 min. This demonstrated that adsorption was involved in CTC removal
process but it was not the predominant mechanism [32]. Meanwhile, CTC degradation
efficiency reached 86.3% within 120 min in the Co3O4/rGO-800/PDS system. These results
clearly demonstrated that CTC removal was mainly driven by the catalytic degradation,
and Co3O4/rGO-800 was a promising PDS catalyst. The enhanced CTC degradation in
the Co3O4/rGO-800/PDS system might be attributed to the improved physiochemical
characteristics after Co loading [33]. In addition, Co species could also play as active sites
for PDS activation to generate powerful reactive oxygen species (ROS) [34].

Figure 3. Different reaction systems on the degradation of CTC. (Reaction condition: CTC = 20 mg/L,
PDS = 1 g/L, catalyst = 0.5 g/L, T = 25 ◦C and pH = 5.0).

The experimental result obtained in this research is in accordance with the previous
reports. For example, Liu et al. developed carbon-coated Mn3O4 nanocube (Mn3O4/C) as
a persulfate activator for the degradation of 2,4-dichlorophenol (2,4-D). They found that
the adsorption removal of 2,4-D by Mn3O4/C was about 37%, the direct degradation of
2,4-D by persulfate alone was approximately 26%, and the degradation rate of 2,4-D by
Mn3O4/C/PS system was 95% [35]. Ren et al. synthesized fishbone-derived biochar (FBBC)
as an efficient persulfate catalyst for phenol degradation. They reported that 10.7% of
phenol was removed by FBBC adsorption, persulfate could hardly degrade phenol, and the
combination of FBBC and persulfate significantly improved phenol removal performances,
phenol was completely removed within 60 min in the FBBC/persulfate system [36].

The adsorption of organic pollutants by carbon-based catalyst in persulfate catalyze
degradation are very common [37]. The synergistic effect between adsorption and catalyze
degradation in sulfate radicals-based AOPs were widely reported previously [38]. In most
cases, the adsorption of organic contaminants onto a catalyst’s surface is a prerequisite for
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persulfate catalysis degradation. In brief, the organic contaminants existing in the reaction
matrixes are enriched onto the surface of catalyst. Subsequently, the active sites on the
catalyst can catalyze persulfate to generate surface-bound reactive oxygen species (•OH
and SO4

•−). Then, the adsorbed organic pollutants are rapidly degraded by the attached
reactive oxygen species [39]. Therefore, there is no doubt that both adsorption and catalyzed
degradation contributed to CTC removal, and this conclusion was not only supported by
the experimental results, but it could also be justified by the related scientific references.

The effect of calcination temperatures on the activation activity of Co3O4/rGO catalyst
was investigated (Figure 4a). When pyrolysis temperature increased from 700 ◦C to 800 ◦C,
CTC degradation efficiency increased from 76.03% to 86.3%. This might be attributed to the
formation of higher sp2 carbon contents under high pyrolysis temperature [40]. However,
as the calcination temperature further increased from 800 ◦C to 900 ◦C, CTC degradation
rate declined from 86.3% to 78.97%. The collapse of carbon structure could be caused at
excessively high pyrolysis temperature, and then, limit the catalytic activity [41]. Addi-
tionally, PDS activation and CTC degradation reactions occurred at the surface of catalyst,
the adsorption of PDS and CTC onto the surface of catalyst is the prerequisite for CTC
degradation [32]. The collapse of carbon skeleton would decrease the pore sizes and surface
areas of catalysts, and the adsorption performances would be negatively affected [41].
Based on this, a catalyst calcined at 800 ◦C was selected for the subsequent experiments.

The effect of Co on the catalytic performance was systematically explored with catalyst
synthesized using different amounts of Co for CTC degradation (Figure 4b). It could
be found that CTC degradation efficiency enhanced with Co content increasing, and
the degradation rate enhanced from 67.91% to 87.2% when the amount of Co increased
from 0.5 mmol to 2 mmol. This suggested that the catalytic ability of Co3O4/rGO could
be improved through the addition of an appropriate amount of Co; therefore, the CTC
degradation efficiency was enhanced [42]. In addition, CTC degradation performance
increased slightly from 86.3% to 87.2% when the Co content increased from 1 mmol to
2 mmol. This might be because of the aggregation of nanomaterial [43]. Thus, 1 mmol was
adopted for the subsequent experiments.

3.3. Influence of Reaction Parameters
3.3.1. Dosage of Catalyst

Figure 4c illustrated the influence of catalyst dosage on CTC degradation. Clearly,
CTC degradation improved with the increase in catalyst dosage. When the Co3O4/rGO-800
dosage was 0.2 g/L, CTC degradation ratio was 57.9% within 120 min. As the dosage
increased from 0.2 g/L to 0.5 g/L, CTC degradation significantly enhanced from 57.9%
to 86.3%. This implied that the increase in catalyst dosage resulted in more active sites to
catalyze PDS for CTC degradation [43]. However, it was reported that the degradation rate
would not enhance significantly when the catalyst dosage further increased to a certain
amount, which might be explained by the fact that the active sites were enough for PDS
catalysis [44]. Consequently, the optimal dosage for Co3O4/rGO-800 was 0.5 g/L.

3.3.2. PDS Concentration

In Fenton-like reaction systems, apart from the amount of catalyst, the amount of
oxidant was equally important. The influence of PDS concentration on CTC degradation
was explored. As seen in Figure 4d, as the concentration of PDS gradually increased from
0.5 g/L to 2 g/L, the degradation rate markedly improved from 59.1% to 88.0%. It can be
seen that the greater the dosage of PDS in a certain range, the more obvious the effect. At the
same time, it can also be observed that there was no significant difference in the degradation
ratio when PDS concentration increased from 1 g/L to 2 g/L, which might be explained
that the excessive PDS would result in the self-quenching effect (Equations (1) and (2)) [45].
In addition, the excessive PDS would compete with CTC for the adsorption active sites
on the surface of Co3O4/rGO-800 catalyst [32]. So, 1.0 g/L PDS was selected as the
optimal concentration.
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Figure 4. Influences of (a) calcination temperature, (b) Co loading amounts, (c) dosage of Co3O4/rGO-
800, (d) concentration of PDS, (e) initial pH, (f) reaction temperature on the degradation of CTC.
(Reaction condition: CTC = 20 mg/L, PDS = 0.5–2.0 g/L, catalyst = 0.2–0.5 g/L, T = 15–35 ◦C, and
pH = 3–9).

SO4
•− + SO4

•− → S2O8
2− (1)

SO4
•− + S2O8

2− → SO4
2− + S2O8

2− (2)
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3.3.3. Solution pH

Solution pH could significantly affect the surface charge of catalyst [46,47], leach of
metal ions [32], ionization of CTC [48], and PDS activation [12]; thus, the impact of solution
pH on CTC degradation was explored. As depicted in Figure 4e, CTC degradation rate
reached the highest at pH 3 (90.2%), and it gradually declined to 71.2% when pH increased
from 3 to 9. The results were in line with the previous reports [45,49]. The ineffective con-
sumption of SO4

•− and •OH under high pH conditions might be a major reason responsible
for the decreased CTC degradation efficiency (Equations (3)–(6)) [49]. In addition, CTC is
an amphiphilic molecule, the pKa values for CTC were pKa1 = 3.3, pKa2 = 7.44, pKa3 = 9.5.
CTC was negatively charged (CTC− and CTC2−) at high pH conditions, and positively
charged (CTC+) under acidic condition [50]. The surface of Co3O4/rGO-800 was positively
charged at acidic condition like other carbon materials [51,52]; therefore, it was expected
that the strong electrostatic repulsion could occur between CTC and Co3O4/rGO-800. The
excellent CTC degradation performances might because the leached Co2+ promoted PDS
activation through homogenous catalysis [32]. However, 71.2% of CTC was degraded at
pH 9 in the Co3O4/rGO-800/PDS system, demonstrating that the Co3O4/rGO-800/PDS
system could remain high stability at a wide range of pH.

SO4
•− + H2O → HSO4

− + •OH (3)

SO4
•− + OH− → SO4

2− + •OH (4)

•OH + •OH → H2O2 (5)

S2O8
2− + H2O2 → 2 SO4

2− + O2 (6)

3.3.4. Reaction Temperature

Temperature was also considered as an important factor. The effect of solution tem-
perature (T = 15 ◦C, 25 ◦C and 35 ◦C) on CTC degradation was studied. As revealed in
Figure 4f, the optimal degradation effect was achieved when the solution temperature
was 35 ◦C, reaching 89.2% in 120 min. With the solution temperature gradually decreased
from 35 ◦C to 15 ◦C, the degradation rate also decreased from 89.2% to 73.5%, which
demonstrated that the system had a good degradation effect on CTC under a wide range of
temperatures. The temperature accelerated the movement of molecules and the contact
between the catalyst and PDS was more frequent, which promoted the faster generation of
free radicals and the corresponding increase in the degradation rate of CTC [53].

3.4. Reusability of Catalyst

The durability and reusability of the Co3O4/rGO-800 catalyst were significant indi-
cators to be considered in practical applications. Recyclable materials will considerably
reduce disposal costs and lower costs [54]. As displayed in Figure 5, the degradation rates of
CTC reached 86.3%, 71.1%, and 63.7% in the first, second, and third cycle tests, respectively.
The decrease in degradation rate in the second and third cycles was presumed because the
active sites of the material were worn out or consumed during the previous experiments
and part of the structure was destroyed, which led to the decrease in catalytic effect [32].
However, the removal rate in the third cycle was still higher than the related previous paper.
For example, Su et al. developed graphene oxide-carbon nanotubes anchored α-FeOOH
hybrid catalyst (α-FeOOH@GCA) as a persulfate activator for the degradation of Orange II.
The degradation rate obtained in the first run in the α-FeOOH@GCA/persulfate system
was 99.1%, and the rate then decreased to 38.4% in the third cycle [55]. Pedrosa et al. pre-
pared metal-free graphene-based catalytic membrane for persulfate activation to degrade
phenol, they found that the degradation rate decreased from 94% to 27% after three cyclic
experiments [30]. Olmez-Hanci et al. reported the degradation of Bisphenol A by reduced
graphene oxide (rGO)/persulfate system. In the first run, Bisphenol A can be completely
removed within 10 min. Additionally, the degradation rate gradually decreased to 68%,
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33%, and 35% in the second, third, and fourth cycles after 30 min reaction, respectively [23].
Jiang et al. developed graphene-like carbon sheet supported nanoscale zero-valent iron
(nZVI@CS) as a persulfate catalyst for the degradation of atrazine. The removal ratio of
atrazine in the nZVI@CS/persulfate system was 84.27% in the first run, and then, it de-
creased to 82.0%, 63.1%, and 14.2% in the second, third, and fourth cycles, respectively [38].
Therefore, the as-synthesized Co3O4/rGO-800 catalyst was superior or comparable to the
previous related papers. Additionally, it exhibited good stability and reusability in cyclic
experiments. In fact, the decline in the catalyze reactivity of the carbon-based catalyst in
sulfate radicals-based AOPs is very common, and it was extensively reported. Leaching
of metal species, consumption of active sites, and the destruction of structure might all
contribute to the decreased catalytic reactivity [56]. To further increase the stability of the
catalyst, great efforts should be dedicated in future research.

1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

C
/C

0

Cycle
Figure 5. Cyclic degradation of CTC by the recycled Co3O4/rGO-800 (reaction condition: CTC = 20 mg/L,
PDS = 1 g/L, catalyst = 0.5 g/L, T = 25 ◦C, and pH = 5.0). 3.5. Proposed degradation mechanisms.

According to the aforementioned results, CTC degradation mechanisms in the Co3O4/
rGO-800/PDS system were concluded (Figure 6). Generally, CTC removal in the Co3O4/rG
O-800/PDS system could be attributed the synergistic effect between adsorption and
catalyze oxidation. The predominant mechanism that was responsible for CTC removal
was the catalyzed oxidation. Firstly, PDS and CTC were adsorbed onto the surface of
Co3O4/rGO-800 catalyst. Thereafter, PDS was activated by the active sites existing on
Co3O4/rGO-800 material to generate powerful radicals including •OH and SO4

•−. ≡Co2+

and surface functional groups played as active sites for PDS catalysis (Equations (7) and
(8)) [11,57]. Meanwhile, ≡Co2+ could be regenerated during the reaction, and the circulation
of ≡Co2+/≡Co3+ was achieved (Equations (9) and (10)) [58]. CTC was finally decomposed
by powerful oxidative radicals to form small molecule compounds with less toxic.

≡Co2+ + S2O8
2− → ≡Co3+ + SO4

•− + SO4
2− (7)

SO4
•− + H2O → H+ + •OH + SO4

2− (8)

SO4
•− + •OH → HSO5

− (9)

≡Co3+ + HSO5
− → ≡CO2+ + SO5

•− + H+ (10)
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Figure 6. Proposed mechanism for CTC degradation in the Co/rGO/PS system.

4. Conclusions

In the present research, reduced graphene supported cobalt oxide (Co3O4/rGO) cata-
lyst was successfully synthesized using a simple strategy to catalyze persulfate (PDS) for
the degradation of chlortetracycline (CTC). The Co3O4/rGO-800 presented an irregular
and curled flake structure, large surface area, and abundant functional groups, which
provided an excellent degradation performance for CTC (86.3% in 120 min). The excellent
catalyze ability of Co/rGO material could be attributed to the synergistic effect between
graphene and cobalt oxide. The study showed that both adsorption and catalyzed oxida-
tion were involved in the removal process, and catalyze oxidation was the predominant
mechanism. PDS was activated by the active sites (cobalt oxide and oxygen-containing
functional groups) on the surface of Co3O4/rGO-800 catalyst, and the generated powerful
radicals (SO4

•− and •OH) could attack CTC into byproducts with less toxic. Co3O4/rGO-
800 showed good stability in the cyclic experiments (63.7% removal of CTC after 3 cycles of
reuse). This research demonstrated the practical application potential of Co3O4/rGO as a
PDS catalyst material with the advantages of simple production process and high catalytic
performance. This work could provide a scientific basis for the future development and
research of environmentally functional materials applied in wastewater treatment.
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Abstract: Synthetic fibers enter wastewater treatment plants together with natural fibers, which
may affect treatment efficiency, a fact not considered in previous studies. Therefore, the aim of the
present study was to evaluate the efficiency of the coagulation/flocculation process for the removal
of a mixture of textile fibers from different water matrices. Natural and synthetic fibers (100 mg/L;
cotton, polyacrylonitrile, and polyamide) were added to a synthetic matrix, surface water and laundry
wastewater and subjected to coagulation/flocculation experiments with ferric chloride (FeCl3) and
polyaluminum chloride (PACl) under laboratory conditions. In the synthetic matrix, both coagulants
were found to be effective, with FeCl3 having a lesser advantage, removing textile fibers almost
completely from the water (up to 99% at a concentration of 3.94 mM). In surface water, all dosages
had approximately similar high values, with the coagulant resulting in complete removal. In laundry
effluent, the presence of surfactants is thought to affect coagulation efficiency. PACl was found to be
effective in removing textile fibers from laundry wastewater, with the lowest removal efficiency being
89% and all dosages having similar removal efficiencies. Natural organic matter and bicarbonates
showed a positive effect on the efficiency of FeCl3 in removing textile fibers from surface water. PACl
showed better performance in coagulating laundry wastewater while surfactants had a negative
effect on FeCl3 coagulation efficiency.

Keywords: textile fibers; coagulation and flocculation; wastewater; removal of textile fibers; ferric
chloride; polyaluminium chloride

1. Introduction

In recent years, the presence of microplastic fibers (MPFs) in wastewater attracted
considerable concern and attention, as synthetic fibers became one of the most commonly
used materials in the manufacture of clothing, along with natural fibers [1]. Every year,
more than 42 million tons of synthetic fibers are produced in the textile industry [2–4], most
of which end up in the environment. In the environment, MPFs are mostly recognized as
small fibers released during the production and use of textiles [5–7]. Polyester and nylon
are the most common polymers used for the production of textile fibers, accounting for
about 63% of the total textile materials, but also polyamide, polystyrene, polyacrylonitrile,
etc. are frequently used [7]. Based on previous research, it was proved that the formation
of MPFs is influenced by the type of detergent, the type of washing machine, and the
program temperature, among other factors. It is assumed that parameters such as high
temperature and water hardness further promote the formation of MPFs, while the addition
of softeners reduces their number [8]. MPFs enter the environment through two main
pathways: laundry waste that directly enters the environment or municipal wastewater in
wastewater treatment plants [9–11].
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Different types of microplastics (e.g., polyester, polyethylene, polypropylene, polyamide,
etc.) enter wastewater treatment plants in different forms (flakes, fibers, films, and particles)
and from different sources (from synthetic textile washing processes and microbeads from
household products, such as cosmetics, detergents, eyeglass cleaners, etc.) [12–14]. It was
found that 6 million polyester fibers and 700,000 acrylic fibers are released from one washing
of textiles in the machine, which depends on the washing program, detergent, and textile prop-
erties [12]. Previous research indicated that synthetic MPF should be given special attention
because they are very small and narrow and can be retained very easily in wastewater [15].

Advanced technologies for the removal of microplastics from water such as biodegrada-
tion, adsorption, catalysis, photocatalytic degradation, coagulation, filtration, and electroco-
agulation are being investigated to some extent but are still considered as under-researched
technologies, especially in wastewater treatment plants [16]. Coagulation and flocculation
technology is considered as a typical treatment for the removal of suspended solids and
colloidal particles in wastewater. Researchers focused on this treatment in recent years, mainly
because of its low cost, ease of operation, and energy savings [17]. Several factors affect the
efficiency of removal of synthetic fibers by coagulation/flocculation, such as pH, natural
organic matter, surfactants, ions present in the matrix, coagulation conditions, etc.

The pH is a very important factor in coagulation treatment. At lower pH values,
the main mechanism of coagulation is believed to be neutralization of charge between
positively charged Fe/Al hydroxypolymers and negatively charged particles. The removal
of particles at higher pH values is mainly due to the adsorption of particles on Fe/Al
precipitates. Previous studies showed that PACl is effective at slightly acidic pH, but also
at higher pH values, which depends on the properties of the matrix [18].

In surface waters, there is a large amount of natural organic matter (NOM) consisting
of humic substances containing humic and fulvic acids characterized by a large molar mass.
In addition, they are rich in aromatic and phenolic structures, conjugated double bonds,
and hydroxyl and carboxyl groups. Therefore, NOM can change the surface properties of
the fibers and thus affect the treatment [17].

The presence of surfactants in water can affect the efficiency of coagulation/flocculation
treatment by altering polymer surface properties and affecting binding to coagulants. It
was found that nonionic surfactants in particular can reduce coagulation efficiency [19,20].

In previous research, coagulation in wastewater treatment plants was used sparingly
to remove microplastics. Most of the research in this area focused on studying the treatment
of municipal wastewater, since wastewater treatment plant effluents are considered the
main source of pollution of microplastics in the environment [4,8,21,22]. Available literature
provides data on the coagulation/flocculation efficiency in removing different types of
microplastic particles (polyethylene, polyester, polystyrene, rayon, etc.) with different sizes
and shapes, untreated or aged. Common coagulants, such as iron and aluminum salts
were used in the experiments. For the study of the coagulation/flocculation mechanism,
synthetic matrices are usually prepared under laboratory conditions with well-defined
properties in terms of pH, content of natural organic matter, metal salts, etc. [23–25].
However, the obtained results vary depending on the coagulation conditions, polymer
types and properties, and matrix characteristics. Therefore, the need for studies related to
more realistic matrices and different types of synthetic fibers was pointed out [7,26].

Based on these considerations, the aim of this work was to investigate the potential of
coagulation/flocculation treatment in the removal of a complex mixture of textile fibers
from natural and synthetic materials. Two common coagulants (ferric chloride and polya-
luminum chloride) were used, as well as the potential of their combination. Wastewater
from textile washing and surface water were selected as representatives of real water
matrices, and the results were compared with those obtained for a synthetic matrix. In
this way, we were able to evaluate the influence of natural organic matter, surfactants,
and pH on the efficiency of removing complex textile fibers from real water matrices by
coagulation/flocculation treatment.
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2. Materials and Methods

2.1. Experimental Setup

In the present study, the efficiency of removing complex mixtures of textile fibers from
water by coagulation and flocculation was investigated. Three different water matrices
(synthetic water, surface water, and laundry wastewater) were used to evaluate the effects
of different matrix properties. The removal of textile fibers was studied by adding 50 mg
of textile fibers to the studied water matrices (0.5 L). The efficiency of the commonly used
coagulants ferric chloride (FeCl3) and polyaluminum chloride (PACl) and their combination
was evaluated. The experiments were performed under laboratory conditions using the
standard JAR test. Figure 1 shows a schematic diagram of the experiment.

Figure 1. Schematic representation of the experiment.

2.2. Materials

Three waters were studied to have representatives of different matrix properties:
laundry wastewater, surface water from the Danube River, synthetic matrix (distilled water
enriched with NaHCO3, CaCl2, and MgSO4 salts), with the properties presented in Table 1.

Mixed fibers containing cotton and synthetic polymers were used as material. A
commercial detergent was used to approximate the actual washing conditions as closely as
possible. A “mixed” cycle at 40 ◦C for 1 h and 40 min with a spin speed of 800 rpm was
used as the wash program. The wastewater was collected at the outlet pipe of the machine
in polyethylene terephthalate canisters. Both detergent and fabric softener were used to
wash the textile garments, and the laundry was rinsed four times. It was then dried in a
dryer, and the residue on the filter after the laundry was dried and used as material for
further experiments. The concentration of textile fibers was 100 mg/L.

To compare the process of coagulation and flocculation with and without added textile
fibers, samples without textile fibers (blank tests) were prepared.

FeCl3 stock solution was prepared by dissolving 10 g of solid FeCl3 (obtained from
Sigma Aldrich, USA) in 50 mL of distilled water and used for dosing in water samples.
The PACl stock solution was prepared by dissolving 7.7 mL of a PACl stock solution in
100 mL of distilled water. The dosage of coagulants is listed in Table S1. The stock solution
of the flocculant (UNIFLOC M27, Unichem KFT, Hungary) was prepared by dissolving
0.5 g of the powdered substance in 100 mL of distilled water with stirring at 10 rpm in a
JAR apparatus for 120 min. A working solution was prepared from the stock solution of the
flocculant (c = 0.05 mL/mL) by dissolving 2.5 mL of the stock solution in 50 mL of distilled
water so that the concentration in the experiment was 0.025 mL/mL.
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Table 1. Characteristics of the water matrices.

Parameter MDL Synthetic Water Surface Water Laundry Wastewater

pH / 7.90 ± 0.06 7.75 ± 0.07 8.13 ± 0.07

Electrical conductivity 25 ◦C
(μS/cm) / 303 ± 5 437 ± 8 578 ± 15

Turbidity (NTU) 0.01 0.3 ± 0.3 8.35 ± 0.15 149 ± 25

COD (mg/L) 15 <15 * <15 * 920 ± 23

Total organic carbon (mg/L) 0.3 <0.3 * 2.4 ± 0.3 104 ± 1.1

Na+ (mg/L) 0.1 75.7 ± 5.7 5.5 ± 0.7 2.71 ± 0.22

Mg2+ (mg/L) 0.09 4.33 ± 0.41 10.4 ± 0.9 5.01 ± 0.47

K+ (mg/L) 0.11 <0.11 * 2.31 ± 0.17 6.8 ± 0.6

Ca2+ (mg/L) 0.11 44.0 ± 3.6 6.00 ± 0.54 7.33 ± 0.71

Cl− (mg/L) 5.0 52.1 ± 3.6 44.0 ± 1.5 3140 ± 150

SO4
2− (mg/L) 5.0 21.2 ± 4.9 25.5 ± 3.2 97.6 ± 27.2

HCO3
− (mg/L) 18.4 134 ± 6 218 ± 43 252 ± 32

* method detection limit (MDL).

2.3. Coagulation/Flocculation Experiments

The coagulation experiments were performed on the JAR apparatus under laboratory
conditions. All experiments were performed in duplicate or triplicate. Before performing
the JAR test, 50 mg of textile fibers were added to 0.5 L of water and allowed to stand
for 24 h before the coagulation/flocculation experiments. Two common coagulants (ferric
chloride and polyaluminum chloride) were used. Coagulation was performed by adding
the coagulant at a mixing speed of 120 rpm for a period of 2 min, after which a flocculant
was added and mixing was continued at 45 rpm for a period of 30 min. Sedimentation was
performed for 30 min. After settling, the samples were filtered through a cellulose nitrate
membrane filter with a pore size of 0.45 μm using a vacuum filtration device.

The dosage of coagulant followed the dosages commonly used in the literature [26]
and was adjusted according to water requirements (Table S1). Therefore, lower dosages
(0.72–3.95 mM Fe and 0.77–3.85 mM Al) were used in the synthetic matrix and surface
water experiments, while higher dosages (7.16–21.49 mM Fe and 1.92–9.62 mM Al) were
required for coagulation of laundry wastewater. The coagulant concentrations for laundry
wastewater were higher due to the surfactants and other substances present in this water.

In addition, two coagulants were combined in that the dosage of FeCl3 and PACl
was lower than that which showed the best performance in removing textile fibers when
used separately. Three dosing approaches were carried out: (1) FeCl3 was added first
and then PACl, (2) PACl was added first and then FeCl3, and (3) the coagulants were
added simultaneously.

The filter papers were dried in Petri dishes at room temperature for 24 h, and then
their masses were measured, based on which further calculations were performed and the
efficiency of removing textile fibers from water was determined.

2.4. Analytical Procedures

Textile fibers were characterized using a scanning electron microscope SEM (TM3030,
Hitachi, Japan) to study their size, surface area, and shape. Chemical characterization was
performed using Fourier transform infrared spectroscopy (FTIR), specifically the attenuated
total reflection (ATR) technique on a FTIR Nexus 670 (Thermonicolet, USA)instrument in
the range 4000–400 cm−1 with a resolution of 4 cm−1 and a speed of 60 scans per analysis
at room temperature. The ATR technique was implemented using an ATR crystal of Ge on
a reflective plate and a pressure clamp. In addition, characterization was also performed
using micro-FTIR. FTIR measurements were performed using a Nicolet iN10MX (Thermo
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Scientific, Waltham, MA, USA) microscope equipped with a cooled MCT detector and
operating in transmission mode. For each sample, 20 individual fibers were isolated and
placed on a BaF2 window to collect IR spectra in transmission mode. Measurements were
made with a nominal spectral resolution of 8 cm−1 in the range of 4000–650 cm−1. To
increase the signal-to-noise ratio, 64 scans per sample were co-added without changing
the position of the sample between each scan (total acquisition time: 12 s, including dead
time). OMNICTM Picta software (Thermo Scientific, Waltham, MA, USA) was used for all
spectra manipulations.

The pH of the water samples was measured using a pH meter 340i, WTW, SenTix®

21 electrodes. Electrical conductivity analysis was performed using a Hanna conductometer,
model HI 933000, Austria. Total organic carbon (TOC) in water samples was analyzed
using an LiquiTOCII, Elementar, Germany instrument. Turbidity was determined using
a WTW Austria, Cond 3210 with a Tetracon 325 WTW electrode. The chemical oxygen
demand (COD) was determined according to the standard method [27].

Chloride concentration in water was determined by titration with silver nitrate using a
potassium chromate indicator according to the method SRPS ISO 9297/1:2007 [28]. Sulfate
was determined by iodometric titration of the excess chromate ion with sodium thiosulfate
solution after precipitation of sulfate with the addition of excess barium chromate. The
alkalinity of water in terms of bicarbonate and carbonate concentration was determined by
the volumetric method [29].

Sodium and potassium metal ions were detected using the flame atomic emission
spectroscopy (FAES) technique according to the standard method [29], and Ca and Mg
metal ions were detected using the flame atomic absorption spectroscopy (FAAS) technique
on an Perkin Elmer Analyst 700 atomic absorption spectrometer, according to the USEPA
methods [30,31].

3. Results

3.1. Water Matrix Characterization

The characteristics of the water matrices studied are shown in Table 1. All three waters
have similar pH values in the slightly alkaline range (pH = 7.75 ± 0.07–8.13 ± 0.07) to
evaluate the efficiency of the coagulation/flocculation process under the conditions of the
real pH of the water matrices.

The obtained results show that, as expected, laundry wastewater has the highest
organic matter load, with a TOC content about 50 times higher than in surface waters and a
COD of 920 ± 23 mg/L. The synthetic matrix is characterized by TOC and COD values
lower than the detection limit of the method. This is followed by a high turbidity of the
effluent and a very low (<1 NTU) for the other two matrices. As expected, the electrical
conductivity shows the highest ion content in laundry wastewater, followed by surface
water and synthetic matrix. When evaluating the influence on textile fiber behavior during
coagulation/flocculation treatment, pH, TOC, and COD are the most important water
quality parameters, as are Cl−, SO4

2−, and HCO3
− [25,26].

3.2. Textile Fibers Characterization
3.2.1. SEM Characterization

The different appearance of textile fibers in SEM micrographs indicates the presence
of fibers of both natural and synthetic origin. A detailed visual characterization was
performed using SEM and the results are shown in Figure 2. SEM microscopic images
showed differences in the diameter of isolated textile fibers, ranging from 8.28 μm to
19.00 μm. Moreover, the different fiber structure in the samples is visible on the images
obtained by SEM, indicating irregular, uneven, and heterogeneous fiber shapes. Fibers
with a heterogeneous shape are usually of natural organic origin, such as cotton and wool,
while fibers with a smooth structure are of synthetic, typically polymeric, origin [32]. A
wide diameter range also indicates presence of different types of fibers in the selected
sample [33].
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Figure 2. SEM microscopic images of textile fibers.

The SEM results of also indicate that there is a wide range of fiber diameters that can
enter the water matrix, which means that this is one of the parameters that can affect the
efficiency of removal processes, such as coagulation/flocculation [33].

3.2.2. FTIR

To determine the functional groups present in the textile fibers, the FTIR spectra were
recorded in the range of 4000–400 cm−1 (Figure 3). Based on the FTIR technical library
“Synthetic fibers under the microscope”, 51% of the isolated fiber sample analyzed was
identified with rayon. Considering that the specific rayon/viscose peaks are 2917.4 cm−1

associated with an aldehyde functional group (-C-H, weak bond), 1093.9 cm−1 aliphatic
amines (C-N stretch, strong bond) and 1017 cm−1 alkyl fluoride (C-F stretch, strong bond),
it is possible that other types of textile fibers were also part of the selected sample [34].

The main differences between the spectral data of the microscopic library and the ob-
tained spectrum of the synthetic fibers are 1467, 1198, and 1155 cm−1 in viscose. Moreover,
the FTIR spectra of the analyzed isolated sample indicate the presence of a large amount
of organic components in the analyzed sample. The presence of organic components,
presumably derived from cotton, in the analyzed samples can be confirmed by the specific
vibrations at the wavelengths 3250–4000 cm−1, as suggested by Geminiani et al. (2022) [35].

3.2.3. Micro-FTIR

To further improve the characterization of the chemical composition of the textile fibers,
additional analyses were performed using micro-FTIR. Furthermore, sample purification
was performed according to the methods described in the literature [36–38]. Figures 4 and 5
show representative FTIR spectra and images of textile fibers.
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Figure 3. FTIR spectrum of textile fibers.

Figure 4. Representative FTIR spectrum of complex textile fibers (a total of 20 randomly selected
fibers were analyzed).

Figure 5. Images of a representative fiber mixture analyzed with an FTIR spectrometer.

The spectrum shown in Figure 4 shows characteristic absorption bands matching
to the characteristics of cotton fibers: peak at 3360 cm−1 corresponding to intramolecu-
lar and intermolecular hydrogen bond (O-H) stretching vibrations; peaks at 2900 cm−1

and 2860 cm−1 corresponding to asymmetric and symmetric -CH2 stretching vibrations;
peak at 1740 cm−1 corresponding to carbonyl group (C=O) stretching vibrations; peak at
1650 cm−1 corresponding to O-H bending vibrations of adsorbed water; peak at 1433 cm−1
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corresponding to -CH2 in-plane bending vibrations; peaks at 1370 cm−1, 1339 cm−1, and
1322 cm−1 corresponding to C-H bending vibrations, O-H in-plane bending vibrations, and
C-H out-of-plane bending vibrations, respectively; peak at 1284 cm−1 corresponding to C-H
deformation stretching vibrations; peak at 1208 cm−1 corresponding to O-H in-plane bend-
ing vibrations; peaks at 1160 cm−1 and 1109 cm−1 corresponding to asymmetrical bridge
C-O-C stretching vibrations; peaks at 1054 cm−1, 1034 cm−1, and 1008 cm−1 corresponding
to C-O stretching vibrations; peak at 905 cm−1 corresponding to asymmetric out-of-plane
ring stretching vibrations and β-glucoside bond vibrations [39,40]. All 20 fibers analyzed in
the sample had the same spectral profile, indicating that natural fibers (cotton) predominate
and synthetic fibers are difficult to identify.

Due to the limited ability to distinguish synthetic fibers in the mixture of textile fibers,
sample purification and re-characterization was required. The sample was purified with
100 mL of 30% hydrogen peroxide and dried for 24h, after which it was re-characterized
(Figures 6 and 7).

Figure 6. Representative FTIR spectrum of synthetic fibers (black spectrum: polyamide; grey spec-
trum: polyacrylonitrile). A total of 20 randomly selected fibers from a purified sample were analyzed.

Figure 7. Images of representative synthetic fibers analyzed by FTIR spectrometer.

The black spectrum in Figure 6 shows characteristic absorption bands corresponding
to the features of polyamide polymer: peak at 3300 cm−1 corresponding to N-H stretching
vibrations; peak at 3080 cm−1 corresponding to N-H bending vibrations; peaks at 2931 cm−1

and 2861 cm−1 corresponding to stretching vibrations of methylene groups (-CH2); peak
at 1635 cm−1 corresponding to stretching vibrations of carbonyl groups (C=O) (amide I);
peak at 1535 cm−1 corresponding to N-H bending vibrations and C-N stretching vibrations
(amide II); peak at 1370 cm−1 corresponding to C-N stretching vibrations; peak at 1141 cm−1

corresponding to out of plane bending vibrations of carbonyl (C=O) groups; and peaks at
933 cm−1 and 906 cm−1 corresponding to N-H stretching vibrations [41–43].
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The grey spectrum presented in Figure 7 shows characteristic absorption bands match-
ing the characteristics of the polyacrylonitrile polymer: namely, peaks at 3626 cm−1 and
3545 cm−1 corresponding to asymmetric and symmetric O-H stretching vibrations, respec-
tively; peaks at 2944 cm−1 and 2875 cm−1 corresponding to asymmetric and symmetric
-CH2 stretching vibrations; peak at 2245 cm−1 correlating with C≡N stretching vibra-
tions; peaks at 1740 cm−1 and 1630 cm−1 corresponding to C=O stretching vibrations
(attributed to a small amount of vinyl acetate monomers in the polyacrylonitrile structure);
peaks at 1458 cm−1 and 1375 cm−1 corresponding to -CH2 and C-H bending vibrations;
peak at 1240 cm−1 corresponding to C-O stretching vibrations (vinyl acetate); and peak at
1074 cm−1 corresponding to -CH2 stretching vibrations [44,45].

Of the 20 randomly analyzed fibers in purified textile fibers, the spectra match cor-
responded to about 20% polyamide and about 80% polyacrylonitrile, reflecting the com-
position of the original synthetic compounds. A fiber with a high match to polyester was
also discovered. This type of fiber is one of the most frequently documented sources of
microplastic contamination in textiles, which consist of about 60% synthetic fibers [46].

3.3. Effects of Coagulation on Textile Fibers Removal Efficiency

To evaluate the efficiency of coagulation/flocculation for removing complex textile
fiber mixtures from water, different dosages of coagulants were tested. The optimal dosage
for the selected coagulants was determined by comparing the removal efficiency.

Figure 8 and Table S2 show the removal efficiency as a function of coagulant concen-
tration in the synthetic matrix.

Figure 8. Efficiency of removal of textile fibers from a synthetic matrix by coagulation with (a) FeCl3,
(b) PACl, and (c) a combination of FeCl3 and PACl (error bars show standard deviation of duplicates).
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From the results shown in Figure 8, coagulation and flocculation with the applica-
tion of FeCl3 in the synthetic matrix 67–99% removal of textile fibers can be achieved,
compared to the initial concentration. The highest removal efficiency was achieved at a
FeCl3 concentration of 3.94 mM, while the lowest was at a FeCl3 concentration of 0.72 mM.
It can be observed that all applied doses showed similar values for removal efficiency,
except for the highest dose, indicating a complete removal. The use of PACl as a coagulant
allowed a slightly lower removal efficiency with values in the range of 57–91% compared
to coagulation with FeCl3. The removal efficiencies for the combination of coagulants in
this treatment were 35%, 66%, and 78% for Fe/Al, Al/Fe, and Fe+Al dosages, respectively.
These values indicate that the combination of coagulants has no effect on improving the
removal efficiency of textile fibers compared to single coagulants.

In the results obtained with both coagulants, it can be noted that when a dose of
3.22 mM is applied, the efficiency of coagulation begins to decrease significantly. This can
be explained by the fact that the micro flakes of the coagulant tend to loosen and break
when a large amount of coagulant is used, reducing the performance of the process, which
was also confirmed by Zhou et al. 2021 [25].

Figure 9 and Table S2 show the efficiency of the removal of textile fibers from surface
water using two separate coagulants and their combination.

Figure 9. Efficiency of the removal of textile fibers from a surface water by coagulation with (a) FeCl3,
(b) PACl, and (c) a combination of FeCl3 and PACl (error bars show standard deviation of duplicates).

Removal of textile fibers from surface water with FeCl3 proved to be effective, as
shown by the values in the plot (Figure 9a). All dosages had approximately similary high
values, with the coagulant resulting in complete removal. Coagulation with FeCl3 resulted
in additional precipitation of particles from the water, as in this case the calculated amounts
of material removed were higher than the amounts of textile fibers added to the matrix. The
removal of textile fibers with PACl also proved to be an effective treatment, as shown by the
values of more than 74% compared to the initial concentrations. The combination of FeCl3
and PACl did not significantly improve the removal of textile fibers compared to the use of
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the individual coagulants. The removal values for the combination of these two coagulants
were 56%, 86%, and 81% for the dosages of Fe/Al, Al/Fe, and Fe+Al, respectively. For
both the two coagulants used and their combination, the removal efficiency of textile fibers
is higher than that of the synthetic matrix (Figure 8). It can be assumed that the natural
organic matrix and the HCO3

− present in natural water contribute to a higher removal
efficiency compared to the results obtained in synthetic matrix, which is also pointed out
by other authors [25].

Coagulation and flocculation treatment of laundry wastewater required higher dosages
of coagulants compared to synthetic matrix and surface water due to the presence of
surfactants in the water (Table 1). Lower dosages were also investigated, but since no
precipitation occurred, the results are not presented. The coagulation/flocculation efficiency
of textile fibers in wastewater treatment is shown in Figure 10 and Table S3.

Figure 10. Efficiency of removal of textile fibers from a laundry wastewater by coagulation with
(a) FeCl3, (b) PACl, and (c) a combination of FeCl3 and PACl (error bars show standard deviation
of duplicates).

The results presented in Figure 10 show that as the FeCl3 dosage increases, the removal
efficiency also increases, with the highest applied doses completely removing the textile
fibers from the wastewater. Doses higher than 9.62 mM were also used, but were not found
to be effective. This can be explained by the fact that at a high coagulant dosage, saturation
occurs where the particles no longer form flocs and therefore sink to the bottom along with
the textile fibers [18].

PACl was also shown to be an effective coagulant in the removal of textile fibers from
laundry effluents, as evidenced by the fact that the lowest removal efficiency was as high
as 89% compared to initial values. All coagulant concentrations achieved similar removal
efficiencies. When both coagulants were used in combination, the values were found to be
slightly lower, but still considered effective for the removal of textile fibers.

The lower removal rates obtained in laundry wastewater compared to those in surface
water can be explained by the presence of surfactants in this mixture. This is in agreement
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with the results of Li et al. (2022) [47], who demonstrated a low efficiency of FeCl3 in
removing MPFs from surfactant-rich laundry wastewater. Moreover, these studies indicated
the lower effect of surfactants on PACl performance during coagulation compared to FeCl3,
which is also confirmed by our results (Figure 10b).

Using a combination of coagulants, for both surfaces and wastewater, the best combi-
nation was when PACl was added first followed by FeCl3, with removal rates of 86% for
surfaces and 91% for wastewater. For the synthetic matrix, the best result was obtained
with the simultaneous addition of both coagulants, with a removal rate of 78% compared
to the initial concentration.

According to the literature data, the removal efficiency depends on the type of material
to be removed, i.e., its properties. From the literature data [25,48], it can be concluded
that microplastics, such as polyethylene, polystyrene, and polypropylene are removed
more efficiently by using PACl in deionized water and drinking water, while the results of
this study show a better removal rate when FeCl3 was applied in similar water matrices.
Moreover, according to the literature [24,49–51], it is clear that the effectiveness of the
coagulant also depends on the characteristics of the water matrix, which was also confirmed
by this work, as much higher coagulant dosages were required to effectively remove textile
fibers from laundry wastewater compared to surface water and synthetic matrix. The
type and dosage of coagulant is another factor affecting the treatment efficiency, where
PACl was more effective on laundry wastewater, while Fe-based coagulants were more
effective at removing textile fibers from synthetic matrix and surface water. Therefore,
future studies should focus on optimizing the coagulation–flocculation treatment (e.g., by
adding activated carbon) to reduce the coagulant dose required for efficient treatment and
better removal of textile fibers from water.

4. Conclusions

As a contribution to a better understanding of the behavior of this type of pollu-
tion in wastewater treatment, the coagulation/flocculation treatment of different types
of water containing a complex mixture of textile fibers was studied. It was found that
a mixture of textile fibers containing natural and synthetic microfibers can be effectively
removed from different water matrices with different compositions by using FeCl3 and
PACl as coagulants and their combination under near neutral pH conditions. The results
show that high dosages of coagulants (>0.7 mmol/L for synthetic and surface waters;
>7 mmol Fe/L and >1.9 mmol Al/L for laundry wastewater) are required to achieve effi-
cient removal of textile fibers. Natural organic matter enhance textile fiber removal during
coagulation/flocculation treatment. The highest removal efficiency of both coagulants was
demonstrated in surface water, where complete removal was achieved by the application
of FeCl3 and almost complete removal was achieved by the application of PACl. Surfac-
tants can reduce the efficiency of coagulation/flocculation in removing textile fibers from
water when FeCl3 is used as a coagulant, while the efficiency of PACl is actually increased.
Natural fibers make it difficult to identify synthetic fibers in the mixture, which can lead to
an underestimation of the amount present in the water, and thus the treatment efficiency.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pr11030820/s1, Table S1: Doses of coagulants used in experiments; Table S2:
Concentration of textile fibers in synthetic water after coagulation/flocculation; Table S3: Concentration
of textile fibers in surface water after coagulation/flocculation; Table S4: Concentration of textile fibers
in laundry wastewater after coagulation/flocculation.
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