i@ Journal of Ecological Engineering

Received: 2025.12.18
Accepted: 2026.03.16
Published: 2026.04.01

Journal of Ecological Engineering, 2026, 27(5), 444—459

https://doi.org/10.12911/22998993/216147
ISSN 2299-8993, License CC-BY 4.0

Bio-based chitosan with calcium ionsand chitosan-tannic
acid coagulation systems for efficient microplastic removal:
Mechanistic insights and artificial neural network predictive
modeling

Buty Kurnia Hamzani'®, Deswati Deswati"®, Mai Efdi'®, Yefrida Yefrida'®,
Adewirli Putra?®

! Department of Chemistry, Faculty of Mathematics and Natural Science, Universitas Andalas, Padang, 25163,
Indonesia

2 Department of Medical Laboratory Technology, Syedza Saintika University, Padang, 25132, Indonesia

* Corresponding author’s e-mail: deswati@sci.unand.ac.id

ABSTRACT

Microplastic pollution from polyethylene (PE) and polystyrene (PS) remains difficult to remediate using conven-
tional metal-based coagulants due to sludge generation and environmental risks. This study develops and evaluates
a fully bio-based, Fe/Al-free coagulation system using chitosan enhanced with calcium ions (Ca**) and tannic acid.
Coagulation experiments were performed under controlled variations of pH, chitosan dosage, slow mixing dura-
tion, and coagulant aids. Removal performance was quantified gravimetrically, while mechanisms were elucidated
through zeta potential, ATR-FTIR, and SEM analyses. Chitosan showed markedly higher coagulation efficiency at
near-neutral pH, achieving 18.53% removal for PE and 47.66% for PS. The incorporation of Ca** or tannic acid fur-
ther improved removal to 27.13% and 65.03%, respectively. Mechanistic characterization demonstrated that charge
neutralization, ionic bridging, hydrogen bonding, hydrophobic interactions, and n—n stacking collectively govern mi-
croplastic aggregation. Ca?* promoted electrical double-layer compression and enhanced floc compactness, whereas
tannic acid strengthened adsorption through phenolic-amine interactions and aromatic affinity with PS. An artificial
neural network (ANN) model incorporating six operational parameters successfully captured the nonlinear relation-
ships influencing removal efficiency, showing good predictive performance within the experimental domain and pro-
viding insights into parameter contributions. Overall, the findings highlight the potential of chitosan-based systems
as sustainable, metal-free alternatives for microplastic mitigation. The synergistic role of Ca?* and tannic acid offers a
pathway toward scalable, environmentally safe coagulation technologies for water treatment applications.

Keywords: ANN, chitosan, coagulation, microplastics, polyethylene—polystyrene.

INTRODUCTION

Microplastic pollution has emerged as a criti-
cal global concern due to its persistence, bioac-
cumulation potential, and adverse impacts on
aquatic ecosystems and human health (Du et al.,
2021). Polyethylene (PE) and polystyrene (PS)
are among the most widely detected microplastics
in aquatic environments, originating from exten-
sive industrial use and exhibiting strong chemi-
cal stability (Hidalgo-Ruz et al., 2012; Koelmans
et al., 2019). Their contrasting physicochemical
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properties PE being highly hydrophobic and
buoyant, while PS possesses aromatic n—r reac-
tivity, create distinct challenges for their removal
in water treatment systems (Arvaniti et al., 2021;
Zhou et al., 2025). Conventional techniques such
as filtration and sedimentation often show limited
effectiveness for microplastics smaller than 500
pm (Avazpour and Noshadi, 2024).

Although coagulation—flocculation  with
FeCl,, PAC, or alum is frequently applied and
generally effective (Lietal.,2022; Maetal.,2019;
Zhang et al., 2022), these coagulants generate
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chemically reactive sludge and may introduce
metal residues into treated water, raising environ-
mental and regulatory concerns (Izabela, 2020;
Sotero-Santos et al., 2007). Consequently, natural
coagulants such as chitosan have gained growing
attention due to their biodegradability, non-toxic-
ity, and strong electrostatic affinity for negatively
charged particles (Sixto-Berrocal et al., 2023).
Previous studies have demonstrated that combin-
ing chitosan with Fe- or Al-based coagulants can
enhance microplastic removal efficiency (Eamrat
et al., 2024; He et al., 2024; Huang et al., 2023;
Raj et al., 2024).

However, despite these advancements, current
applications of chitosan remain largely dependent
on metal-based systems. Although Ca*" and tannic
acid have individually shown potential as envi-
ronmentally benign enhancers in water treatment,
a fully metal-free coagulation system integrating
chitosan with Ca?" and tannic acid for microplastic
removal remains unexplored. This gap is critical
given the global demand for sustainable treatment
technologies that minimize chemical toxicity while
maintaining high removal performance.

Recent developments (2023-2025) highlight
increased interest in green coagulants, hybrid
biopolymer systems, and data-driven modeling
for process optimization (Avazpour and Noshadi,
2024; He et al., 2024) Nevertheless, no study to
date has systematically investigated the synergis-
tic interactions of chitosan-Ca*" and chitosan-tan-
nic acid complexes, nor analyzed their combined
physicochemical mechanisms using zeta poten-
tial, ATR-FTIR, and SEM under standardized con-
ditions. Furthermore, the integration of interpre-
table artificial neural network (ANN) modeling to
predict microplastic removal in a fully metal-free
biocoagulation system has not been reported.

To address this gap, the present study devel-
ops and evaluates a bio-based, Fe/Al-free coagu-
lation system utilizing chitosan with Ca* and
tannic acid as functional enhancers. Through
controlled coagulation experiments, mechanistic
characterization, and ANN predictive modeling,
this work aims to elucidate the synergistic inter-
actions governing microplastic removal and pro-
vide a foundation for scalable, environmentally
safe water treatment technologies

MATERIALS AND METHODS

Experimental materials

The chemical reagents used were chitosan
(Sigma-Aldrich), tannic acid and calcium chlo-
ride (CaCl,) were both obtained from Merck,
sodium hydroxide (NaOH, Merck), hydrochloric
acid (HCI, Merck), 95% Ethanol (Onemed), and
deionized water. Fresh stock solutions of chito-
san, tannic acid, and calcium chloride (CaCl,))
were prepared immediately before each experi-
ment to maintain solution stability. Additional
materials included filter paper, aluminum foil, PE
and PS microplastics, which were sourced from
a commercial online supplier based in Indonesia.

Microplastic preparation

PE microplastics (<500 pm) were obtained
by sieving through a 500 pm mesh, while PS
microplastics were ground and sieved to achieve
a comparable size. Both were cleaned with 1 M
HCI, rinsed with deionized water, and dried at
40-50 °C before storage in sealed containers. The
brief HCl rinsing was applied solely as a cleaning
step to remove surface impurities. Surface char-
acteristics were analyzed using ATR-FTIR, zeta
potential analysis, and SEM prior to coagulation
experiments. ATR-FTIR was used to identify sur-
face functional groups, SEM to examine particle
morphology, and zeta potential analysis to deter-
mine the initial surface charge and colloidal sta-
bility of the microplastics, which are critical fac-
tors governing their coagulation behavior.

Coagulation procedure

Coagulation experiments were conducted in
250 mL glass beakers using a Heidolph magnetic
stirrer to assess the removal efficiency of PE and
PS microplastics, with 100 mg of microplastics
per run (Huang et al., 2023). The process opti-
mization involved three stages: (i) pH variation
(5-9) at 100 mg/L chitosan, (ii) chitosan dosage
optimization (0—300 mg/L), and (iii) slow mix-
ing time optimization (0—25 min). Rapid mixing
was performed at 400 rpm for 30 s, followed by
slow mixing, while pH adjustments were made
using 0.1 M HCI or NaOH. Combination treat-
ments incorporated calcium chloride (CaCl,) and
tannic acid (0-500 mg/L) as coagulant aids. After
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coagulation, suspensions were allowed to settle
for 30-60 min prior to analysis.

Separation and quantification

After coagulation, uncoagulated microplas-
tics in the upper were carefully collected, washed
with 1 M HCI, filtered, and oven-dried at 60 °C
to a constant weight (Chen et al., 2024). The re-
sidual microplastic mass was quantified gravi-
metrically, a reliable method previously validated
for coagulation studies (Huang et al., 2023; Ma et
al., 2019; Monira et al., 2021; Zhou et al., 2021).
Removal efficiency was calculated from the mass
difference before (W ) and after (W,) coagulation
using (Avazpour and Noshadi, 2024):

Wo— Wt
Removal Efficiency (%)= OT x 100% (1)

0
where: Wo — microplastic initial weight, Wt — re-
maining microplastic weight, blank cor-
rection was applied only to PS microplas-
tics due to partial self-sinking behavior,

Characterization and reproducibility

All experiments were done three times to
make sure the results were accurate and consistent.
The chemical interactions and floc characteristics
formed during the coagulation process were in-
vestigated using zeta potential analysis (Otsuka),
ATR-FTIR spectroscopy (PerkinElmer), and scan-
ning electron microscopy (SEM; Hitachi). Zeta
potential, ATR-FTIR, and SEM analyses were per-
formed using samples obtained under the optimal
coagulation conditions identified in this study, in
order to elucidate the dominant interaction mecha-
nisms responsible for microplastic removal.

Zeta potential measurements were carried out
at ambient temperature using aqueous supernatant
samples collected after the coagulation and set-
tling stages, representing the post-treatment sur-
face charge conditions. ATR-FTIR spectra were
recorded in the range of 4000—400 cm™ with a
resolution of 4 cm™ to identify functional groups
and interaction-related spectral changes. SEM
observations were conducted to examine surface
morphology and floc structure after coagulation.
Prior to imaging, the samples were coated with
gold (Au) to enhance conductivity. All samples
were prepared following an identical protocol to
minimize potential preparation-induced artifacts.
Drying was performed at moderate temperatures
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(40-60 °C), which are insufficient to induce ther-
mal degradation or chemical modification of
polyethylene or polystyrene.

Artificial neural network (ANN)

The implementation of the ANN model for pre-
dicting microplastic removal efficiency was based
on a total of 56 experimental data points obtained
from systematic coagulation experiments involving
PE and PS microplastics. The input variables con-
sisted of pH, chitosan dosage, slow mixing time,
CaCl, dosage, tannic acid dosage, and microplas-
tic type (PE or PS), while the output variable was
the percentage removal efficiency. The dataset was
then processed using SPSS, where it was divided
into two subsets: 67.9% of the data was allocated
for model training and 32.1% for model testing.
In SPSS, the ANN architecture was configured to
include an input layer comprising six neurons, a
single hidden layer with four neurons employing
the hyperbolic tangent activation function, and an
output layer using an identity activation function to
predict continuous values. Model training was con-
ducted using the Neural Networks module in SPSS,
which iteratively optimized synaptic weights until
the minimum training error was reached.

Upon completion of the training phase, the
model was evaluated using the testing dataset to
assess its generalization performance on unseen
data. The training and testing outputs, including
error values and synaptic weights, were analyzed
to identify the underlying relationships among
variables and detect potential overfitting, indicat-
ed by an increase in testing error. In cases where
overfitting was observed, optimization could be
pursued by adjusting network parameters in SPSS,
applying regularization techniques (where avail-
able), or implementing cross-validation. Addi-
tionally, expanding the dataset and incorporating
new relevant input features may further enhance
predictive accuracy. Once optimized, the ANN
model can serve as a predictive tool for estimat-
ing microplastic removal efficiency under varying
experimental conditions, thereby supporting the
development of more effective coagulation strate-
gies for water treatment (Gyparakis et al., 2025).

Data analysis

Data are expressed as mean + standard devia-
tion (SD). A one-way analysis of variance (ANO-
VA) was conducted at a 95% confidence level (o =
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0.05) to assess significant differences in microplas-
tic removal efficiency among treatments. When sig-
nificant differences were detected (P < 0.05), to spe-
cifically identify the differences between groups, a
follow-up analysis was conducted using Duncan’s
multiple range test (DMRT). All statistical analyses
were performed using IBM SPSS Statistics version
27.0 (IBM Corp., Armonk, NY, USA).

RESULTS AND DISCUSSION

Microplastic coagulation with chitosan

Effect of pH on coagulation efficiency

The system pH plays a crucial role in regu-
lating the coagulation efficiency of chitosan for
microplastic removal (Figure 1). A significant in-
fluence of pH on chitosan’s coagulation perfor-
mance was observed for both PE and PS micro-
plastics (one-way ANOVA, p < 0.05).

Under acidic conditions (pH 5-6), the micro-
plastic removal efficiency remained low (<10%)
and showed no significant differences (p > 0.05).
This low efficiency is attributed to the protonation
of chitosan’s amino groups (-NH,), which exist
predominantly in the protonated form -NH," un-
der acidic conditions, thereby keeping chitosan
in a fully soluble state (Dongre, 2022). However,
as the pH increases toward neutral to slightly al-
kaline conditions (pH 7-9), the coagulation effi-
ciency increases significantly. This improvement
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is caused by the deprotonation of chitosan at
higher pH values, where the amino groups (-NH,)
become neutral again, rendering chitosan insol-
uble and allowing it to form a gel-like structure
(Lamanna et al., 2023). This gelation process
enhances the ability of chitosan to interact with
microplastic particles, thereby improving adsorp-
tion and coagulation. At pH 7, PS achieved a re-
moval efficiency of 29.97 + 12.30%, whereas PE
reached 11.50 + 2.81%. The highest removal ef-
ficiency was recorded at pH 9, although it did not
differ significantly from the efficiencies observed
at pH 7 and 8 (p > 0.05).

These results are consistent with the findings
of (He et al., 2024; Huang et al., 2023), who re-
ported low removal efficiency under acidic condi-
tions (pH 5-6) but a significant increase at neutral
to slightly alkaline pH (7-9). Duncan’s test re-
vealed significant differences (p < 0.05) compared
to acidic conditions, confirming the positive in-
fluence of near-neutral to alkaline pH on the per-
formance of chitosan. Similar observations were
reported by (Agarwal et al., 2024; Huang et al.,
2023), who attributed this improvement to charge
neutralization and polymer bridging mechanisms.

However, (Prasetyo et al., 2025) documented
a different trend, in which the highest polyeth-
ylene microplastic removal (81.5%) occurred at
pH 6.0 using 100 mg/L chitosan, while efficiency
declined at higher pH values (>8) due to colloi-
dal restabilization when chitosan becomes nega-
tively charged. This discrepancy is likely related
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Figure 1. Effect of pH on coagulation using chitosan
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to variations in microplastic particle size, which
can substantially influence surface charge interac-
tions and polymer bridging behavior.

Effect of chitosan dosage

Based on the experimental results, pH 7 was
selected as the optimum condition for both types
of microplastics, as it yielded the highest removal
efficiency for PE and showed no significant dif-
ference compared to pH 8-9 for PS (p > 0.05).
Therefore, pH 7 was used as the fixed condition
for subsequent experiments involving variations
in coagulant dosage. At the optimum pH of 7, chi-
tosan dosages ranging from 0 to 300 mg/L. were
tested to evaluate their influence on microplas-
tic removal (Figure 2). Statistical analysis using
one-way ANOVA followed by Duncan’s test (p <
0.05) indicated that coagulant dosage had a sig-
nificant effect on the removal efficiency of both
PE and PS microplastics.

For PE (Figure 2a), the removal efficiency in-
creased from 0.73 + 0.56% in the absence of chi-
tosan to 18.53 + 6.24% at a dosage of 250 mg/L,
with no significant differences (p > 0.05) observed
between 150-250 mg/L. This indicates that 250
mg/L represents the optimum dosage. The im-
provement in efficiency is primarily attributed to
the sweep flocculation mechanism, in which chi-
tosan flocs effectively entrap microplastic parti-
cles. However, beyond this dosage, the efficiency
decreased due to floc saturation and floc breakage
during the mixing process (Prasetyo et al., 2025).
Given its hydrophobic nature and poor dispers-
ibility in water, PE lacks the ability to settle on its
own (Guo et al., 2024). Therefore, the sedimen-
tation of PE relies entirely on the addition of the
coagulant, and its removal efficiency is calculated
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solely based on the amount of coagulant intro-
duced, without subtracting the blank value.

In contrast, for PS (Figure 2b), a similar yet
more pronounced pattern was observed. The re-
moval efficiency increased significantly (p < 0.05)
from 7.52 £ 0.74% to 47.66 + 6.36% at a dosage
of 200 mg/L. The higher removal efficiency of PS
compared to PE with increasing chitosan dosage
can be attributed to its higher density and stronger
polymer bridging interactions with chitosan, as
well as more robust aggregation following desta-
bilization, which results in the formation of more
compact and stable flocs as the coagulant dos-
age increases. Conversely, the lower-density PE
particles exhibit weaker bridging and slower set-
tling behavior, thus requiring higher chitosan dos-
ages to achieve comparable removal efficiencies
(Avazpour and Noshadi, 2024). However, at dos-
ages exceeding 200 mg/L, excess chitosan leads
to charge reversal and restabilization of particles,
thereby reducing the removal efficiency (Li et al.,
2021). PS is more readily dispersible in water and
possesses the ability to settle naturally without
the addition of a coagulant, resulting in a more in-
herent sedimentation process. Therefore, for PS,
the removal efficiency was calculated by subtract-
ing the blank removal value (15.86 + 1.86%) to
ensure that the observed sedimentation of PS was
attributable to the added coagulant rather than its
inherent self-sinking capability.

Effect of slow mixing time

The effect of slow mixing time on the co-
agulation efficiency of PE and PS microplastics
using chitosan is shown in Figure 3. Slow mix-
ing plays an essential role in enhancing particle—
particle collisions and facilitating the aggrega-
tion of microplastics into stable flocs during the
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Figure 2. Effect of dosage on coagulation with chitosan: (a) polyethylene, (b) polystyrene
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coagulation—flocculation process (Zhang et al.,
2013). For PE (Figure 3a), the highest removal
efficiency (22.96 + 4.72%) was achieved with-
out slow mixing (0 min), and it decreased sig-
nificantly with increasing mixing time (p < 0.05).
This indicates that the flocs formed are weak and
easily disrupted by shear forces, consistent with
the hydrophobic nature of PE, which limits elec-
trostatic interactions and hydrogen bonding with
chitosan (Arvaniti et al., 2021; Zhou et al., 2021).
Consequently, sweep flocculation is the dominant
mechanism, and prolonged mixing likely leads
to floc fragmentation and the redispersion of par-
ticles. In contrast to previous studies reporting
improved coagulation efficiency with prolonged
slow mixing (Zhang et al., 2013), our results indi-
cate that extended mixing is detrimental for poly-
ethylene microplastics, which is attributed to the
formation of weak, shear-sensitive flocs that are
prone to breakage under shear.

In contrast, PS microplastics (Figure 3b) ex-
hibited a different behavior, where the removal ef-
ficiency increased from 32.78 + 0.78% (0 min) to
50.27 £ 1.02% at 10 minutes and then remained
relatively stable up to 25 minutes. Statistical
analysis showed that the efficiencies at 10-20
minutes were significantly higher than at 0 min-
utes (p < 0.05), confirming the importance of suf-
ficient mixing duration for optimal floc growth.
The aromatic structure of PS enables these ad-
ditional interactions, resulting in higher removal
performance compared to PE (Huang et al., 2023;
Zhou et al., 2021). In addition, the stabilization
of efficiency after 10 minutes is consistent with
coagulation theory reported for PACI, where slow
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mixing must be sufficiently long to allow colli-
sions and aggregate formation; however, once the
flocs reach a stable size, further mixing does not
significantly improve efficiency and may even
cause fragmentation due to shear forces if pro-
longed excessively (Zhang et al., 2013). Thus,
the plateau observed in this study indicates that
PS flocs had achieved optimal structural stability
after 10 minutes of slow mixing, resulting in no
further improvement at longer durations.

Overall, these findings demonstrate that opti-
mizing the slow mixing time is crucial for maxi-
mizing the coagulation performance of chitosan.
The higher efficiency observed for PS compared
to PE reinforces the importance of surface chem-
istry and polymer—particle affinity in governing
microplastic removal behavior (Agarwal et al.,
2024; Huang et al., 2023; Raj et al., 2024). This
decrease can be attributed to floc breakage caused
by excessive shear forces during the slow mixing
phase, resulting in smaller flocs that subsequently
resuspend in the water column (Li et al., 2024).

Effect of tannic acid and CaCl, addition

Effect of CaCl,dosage on microplastic removal

The removal efficiency of PS was consistently
higher than that of PE under the same conditions.
This is primarily attributed to the more negative
surface charge of PS (Figure 6b), which enhanc-
es electrostatic attraction toward the protonated
amine groups of chitosan and strengthens its in-
teractions with Ca?* ions. Calcium ions act as cat-
ion bridges that link negatively charged sites on
microplastics with chitosan, while simultaneously

% Removal
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Figure 3. Effect of slow mixing time on coagulation using chitosan: (a) polyethylene (PE), (b) polystyrene (PS)
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compacting the floc structure by reducing the
thickness of the electrical double layer (Atmani
et al., 2021). In contrast, the highly hydrophobic
and nonpolar nature of PE limits ionic bridging
and polymer adsorption, resulting in weaker in-
teractions with the chitosan-Ca’" system and con-
sequently lower removal efficiency. Figure 4 il-
lustrates the effect of varying CaCl, dosages on
the removal efficiency of PE and PS microplastics
using chitosan as the primary coagulant. In gen-
eral, the addition of CaCl, tends to enhance co-
agulation efficiency up to a certain dosage, after
which the effect stabilizes or decreases at higher
concentrations.

For PE microplastics (Figure 4a), the removal
efficiency increased slightly from 22.96 +4.72% in
the absence of CaCl, to 25.39 = 2.72% at a dosage
of 500 mg/L, with no statistically significant differ-
ences (as indicated by the identical letter “a” in the
graph). This suggests that the presence of Ca*" has
a limited influence on the chitosan-PE system. The
highly hydrophobic nature of PE results in mini-
mal contribution of Ca®* to charge neutralization.
Instead, Ca*' primarily contributes by reducing the
thickness of the electrical double layer and enhanc-
ing physical bridging (polymer bridging) between
chitosan and the microplastics. Thus, the main role
of CaCl, in this system is electrolyte screening
compressing the electrical double layer and reduc-
ing interfacial electrostatic repulsion rather than
direct electrostatic coagulation.

In contrast, for PS microplastics (Figure 4b),
the effect of CaCl, was much more pronounced.
The removal efficiency increased from 50.27 +
1.02% in the absence of CaCl, to a maximum of
54.38 +£ 1.55% at a dosage of 250 mg/L, before
decreasing again at 500 mg/L. This increase in-
dicates that Ca*" ions play an important role in
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strengthening ionic interactions between func-
tional groups on the PS surface and the positive-
ly charged amine groups of chitosan, thereby
forming more stable ionic bridges (Chen et al.,
2020). However, at excessively high dosages,
surplus Ca**ions may cause over-neutralization
of the negative charges on particle surfaces,
reducing interparticle attraction and leading
to colloidal restabilization (Chen et al., 2020;
Zhou et al., 2021).

This mechanism is consistent with studies
employing Moringa seed extract supplemented
with CaCl, (Avazpour and Noshadi, 2024), in
which the presence of Ca** was shown to com-
press the diffuse layer of the electric double layer
surrounding particles in water. Compression of
this double layer reduces electrostatic repulsion
between particles, thereby strengthening aggre-
gation and enhancing microplastic coagulation
efficiency (Carvalho et al., 2016). Under these
conditions, Ca** ions derived from CaCl, play a
critical role in maintaining coagulation perfor-
mance. Divalent calcium ions are more effective
than monovalent cations in compressing the elec-
trical double layer of microplastics, thus reduc-
ing interparticle repulsion. In addition, Ca®" acts
as a bridging ion that forms coordination inter-
actions between deprotonated groups on chitosan
and negatively charged sites on the microplastic
surface (Baykara et al., 2024), with the predicted
mechanism illustrated in Figure 11.

Effect of tannic acid dosage on microplastic
removal

The variation in tannic acid dosage showed
a clear influence on the performance of chitosan
in removing PE and PS microplastics, as shown
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Figure 4. Effect of CaCl, addition on chitosan coagulation: (a) polyethylene (PE), (b) polystyrene (PS)
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in Figure 5. Overall, the addition of tannic acid
produced different effects on the two types of
microplastics.

For PE microplastics (Figure 5a), the removal
efficiency decreased sharply with increasing tan-
nic acid dosage. In the absence of tannic acid
(0 mg/L), chitosan was able to remove 22.96 +
4.72% of the microplastics; however, this value
declined upon the addition of tannic acid. This
reduction indicates that tannic acid can strongly
interact with the positively charged amino groups
of chitosan through hydrogen bonding and elec-
trostatic interactions (An et al., 2019), thereby
hindering the ability of chitosan to bind to the
highly hydrophobic PE surface. As a result, floc
formation becomes less effective.

In contrast, for PS microplastics (Figure 5b),
the removal efficiency increased significantly,
reaching 61.58 + 0.99% at a tannic acid dosage
of 50 mg/L, before gradually decreasing at higher
concentrations. This initial increase is attributed
to the formation of a stable chitosan—tannic acid
complex with dual binding capability toward
PS particles through n—m interactions between
the aromatic rings of tannic acid and the phe-
nyl groups of polystyrene (An et al., 2019; J. Li,
2022). However, at excessive tannic acid dosages
(>200 mg/L), the efficiency declined again, likely
because the surplus tannic acid forms a protective
layer (shielding effect) around the microplastic
particles or chitosan, thereby inhibiting polymer
bridging and effective floc formation.
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The mechanism of coagulation

The analysis of zeta potential, FTIR spectra,
and SEM provides a comprehensive understand-
ing of the mechanisms governing microplastic
removal in the chitosan-based system. As illus-
trated in Figure 11, the combined results from
SEM, FTIR, and zeta potential confirm that chi-
tosan interacts with microplastic surfaces through
multiple pathways, including hydrogen bonding
and coordination with Ca?" ions or the phenolic
groups of tannic acid. The addition of Ca®" en-
hances charge neutralization and promotes the
formation of ionic bridging between chitosan
chains, whereas tannic acid strengthens adsorp-
tion through hydrogen bonding and n—r interac-
tions. Collectively, these synergistic effects lead
to improved floc formation, reduced surface
charge, and enhanced stability of the aggregated
microplastic flocs.

Zeta potential analysis

Zeta potential values serve as a key indicator
of colloidal stability and the dominant coagula-
tion—flocculation mechanisms. Systems with high
zeta potential values (greater than £30 mV) ex-
hibit stable particles due to strong electrostatic
repulsion, whereas values approaching zero in-
dicate charge neutralization, enabling particles to
aggregate into flocs and settle (Khoshnevisan and
Barkhi, 2015; Malvern Ltd., 2011). The zeta po-
tential analysis results are presented in Figure 6.

In this study, the initial zeta potential of PE
was —15.58 mV, whereas PS exhibited a much
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Figure 5. Effect of tannic acid dosage on chitosan-assisted coagulation: (a) polyethylene (PE),
(b) polystyrene (PS)
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more negative value of —64.53 mV, confirming
that PS possesses higher dispersion stability due
to its greater surface charge. After the addition of
chitosan, the zeta potential increased to —4.45 mV
for PE and —8.97 mV for PS, indicating that the
positively charged amino groups of chitosan were
adsorbed onto the microplastic surfaces, thereby
reducing their negative charge. The zeta potential
of PS increased from —64.5 to —8.9 mV following
chitosan addition, signifying charge neutraliza-
tion through the adsorption of -NH," groups. Fur-
ther addition of Ca?" shifted the value to —=3.3 mV,
suggesting the formation of ionic bridging and
compression of the electrical double layer. Zeta
potential values approaching zero are consistent
with the formation of dense flocs observed visual-
ly, confirming that aggregation was dominated by
charge neutralization mechanisms. Continued ad-
dition of CaCl, further reduced the zeta potential
to —1.07 mV (PE) and —3.27 mV (PS), indicating
the formation of Ca**-mediated ionic bridges be-
tween chitosan and the microplastic particles (Z.
Chen et al., 2020).

In the chitosan—tannic acid system, the zeta
potential increased slightly compared to the
CaCl, system (—5.12 mV for PE and —2.54 mV
for PS), indicating that charge neutralization
still occurred; however, the dominant removal
mechanism shifted toward polymer adsorption
and hydrogen bonding mediated by the aromatic
hydroxyl groups of tannic acid. Interestingly, the
removal efficiency of PE decreased after the ad-
dition of tannic acid, even though the zeta po-
tential approached zero. This may be attributed
to weaker specific surface interactions with PE,
which is highly hydrophobic and lacks sufficient
active functional groups, causing tannic acid to

a)

Zeta Potential (mV)

Initial zeta potential of PE

2204

-30

PE Chitosan Chitosan + CaCl, Chitosan + Tannic Acid

provide no enhancement in sedimentation and
potentially interfering with chitosan adsorp-
tion on its surface. Conversely, the removal ef-
ficiency of PS increased in the presence of tan-
nic acid. The aromatic rings of PS can interact
with the phenolic groups of tannic acid through
n—n stacking (Li et al., 2022) and form hydrogen
bonds with polar groups on both chitosan and
tannic acid (An et al., 2019). These specific inter-
actions enhance the surface affinity of PS toward
the coagulant system, facilitating the formation
of more stable aggregates and resulting in more
effective coagulation compared to PE. Therefore,
although the final zeta potentials of both micro-
plastics approached zero, the differences in sur-
face properties explain the observed disparity in
removal efficiencies between PE and PS. These
findings are consistent with DLVO theory, which
accounts for the contribution of specific chemi-
cal forces such as hydrogen bonding, n—m inter-
actions, and ionic bridging in addition to electro-
static and van der Waals forces (Derjaguin, 1987,
Rahman et al., 2024).

FTIR analysis

The FTIR spectra of the pristine PE and PS
microplastics exhibit characteristic absorption fea-
tures corresponding to their polymer structures.
For PE (Figure 7), the intense bands at 2916 and
2848 cm! are associated with the asymmetric and
symmetric stretching vibrations of -CH, groups,
while the peaks at 1470 and 720 cm™ are attributed
to CH, bending and rocking modes, respectively,
confirming the saturated aliphatic nature of PE
(Amelia et al., 2016; Veerasingam et al., 2020). PS
(Figure 7) shows distinct aromatic peaks at 3025
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Figure 6. Zeta potential of: (a) Polyethylene (PE), (b) Polystyrene (PS)

452



Journal of Ecological Engineering 2026, 27(5), 444-459

cm! (C—H stretching), 1600 and 1490 cm™ (C=C
stretching of the benzene ring), and 700 cm™ (out-
of-plane C—H bending) (Veerasingam et al., 2020).

After coagulation with chitosan, both PE
and PS microplastics retained their character-
istic hydrocarbon bands at 2915 and 2848 cm!
(C—H stretching) as well as 1470 and 720 cm!
(CH, bending), although with noticeably reduced
intensities. This attenuation indicates the forma-
tion of an organic layer on the microplastic sur-
faces due to adsorption and partial encapsulation
by chitosan. Following the addition of CaCl,
slight shifts were observed in the broad O—H/N—
H stretching band (~3400 cm™) and the amide
I band (~1650 cm™), suggesting coordination
between Ca*" ions and the hydroxyl and amino
groups of chitosan. Such coordination promotes
the formation of ionic bridges between chito-
san chains and compresses the electrical double
layer surrounding the negatively charged micro-
plastics, consistent with the zeta potential values
shifting toward neutrality (Figure 8).

These findings confirm that charge neutral-
ization and ionic coordination synergistically
enhance floc formation and aggregation stability.
In the chitosan—tannic acid system, more pro-
nounced spectral changes were detected, includ-
ing red shifts in the O—-H/N-H stretching bands
and reductions in the intensities of the C=0O
and C-O peaks. These changes reflect strong

hydrogen bonding and n—r stacking interactions
between tannic acid, chitosan, and the aromatic
rings of PS. Specifically for PS, the O-H/N-H
stretching band shifted from 3405 cm™! to 3388
cm’!, and the amide I band from 1652 cm™ to
1646 cm™, indicating the presence of hydrogen
bonding and coordination with Ca®" ions. The
concurrent shift of zeta potential values toward
less negative regions further confirms that these
intermolecular interactions collectively promote
aggregation. In contrast, PE exhibited only minor
spectral shifts, indicating weaker surface adsorp-
tion and less pronounced charge compensation,
consistent with its lower surface polarity.

SEM analysis

SEM analysis was conducted to examine the
surface morphology and aggregation behavior of
the flocs formed under different coagulation con-
ditions. The SEM micrographs for each treatment
are presented in Figures 9—-10.

As shown in Figure 9a, the pristine PE par-
ticles exhibit a relatively smooth and compact
surface with an irregular, flake-like structure
(Wen et al., 2021), indicating the absence of sur-
face modification. After the addition of chitosan
(Figure 9b), the PE surface becomes rougher, and
several aggregated domains appear, suggesting
that chitosan molecules adhere to the microplastic

O-H/N-H CH 9'H /) N'HC‘H N-H bending

C=C aromatic /
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Figure 7. FTIR spectra of (a) microplastic PE, (b) chitosan, (c) tannic acid, (d) MPs after coagulation
with chitosan, (d) MPs after coagulation with chitosan + CaCl,, (e) (d) MPs after coagulation
with chitosan + tannic acid
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Figure 8. FTIR spectra of (a) microplastic PS, (b) chitosan, (¢) tannic acid, (d) MPs after coagulation
with chitosan, (d) MPs after coagulation with chitosan + CaCl,, (e) (d) MPs after coagulation
with chitosan + tannic acid

surface through electrostatic attraction and hydro-
gen bonding. A more compact and denser surface
morphology is observed in the PE-chitosan-CaCl,
composite (Figure 9c¢).

The presence of calcium ions promotes the
formation of ionic bridges between the amine
groups of chitosan and the negatively charged
sites on the PE surface, thereby enhancing floc
formation and surface coverage. This indicates
that Ca®" acts as a bridging agent that strength-
ens particle—polymer interactions, resulting in
larger and denser flocs. In contrast, the PE-chi-
tosan-tannic acid composite (Figure 9d) exhib-
its a more irregular and porous structure com-
pared to the CaCl, system. This morphology is
likely attributed to hydrogen bonding between
tannic acid and chitosan (Atmani et al., 2021),
which produces a more open network structure
rather than compact aggregates. The presence
of voids in this sample suggests that tannic acid
promotes interparticle connections but with less
uniform surface coverage than that achieved
through CaCl, crosslinking. This observation
corresponds to the lower PE removal efficiency
obtained when tannic acid was added.

The untreated PS particles (Figure 10a) ex-
hibit angular shapes with relatively smooth sur-
faces and remain individually dispersed. After co-
agulation with chitosan (Figure 10b), the PS par-
ticles appear to be partially adsorbed and display
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a rougher surface with several regions covered
by a thin layer. These changes indicate the ad-
sorption of chitosan through weak electrostatic
interactions and hydrogen bonding, which subse-
quently facilitates polymer bridging and initiates
the aggregation process.

In the chitosan-CaCl, system (Figure 10c),
the morphology of the PS residues exhibits a
denser structure with more pronounced inter-
particle agglomeration. The presence of tightly
connected domains indicates the formation of
ionic crosslinking networks between Ca** and
the amino and hydroxyl groups of chitosan. This
cation-bridging mechanism produces flocs that
are more compact and stable than those formed
with chitosan alone.

Coagulation using chitosan-tannic acid (Fig-
ure 10d) results in a more layered and irregular
morphology, with the particle surfaces being
more extensively covered. This indicates the
formation of chitosan-tannin complexes through
hydrogen bonding (Atmani et al., 2021) and n—n
interactions with the PS surface (Li, 2022), both
of which contribute to increased floc density and
stronger interparticle interactions.

Among the proposed coagulation mecha-
nisms, charge neutralization is directly sup-
ported by zeta potential measurements. In
contrast, ionic bridging by Ca?" ions, hydro-
gen bonding, and possible m—=n interactions are
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Figure 9. SEM micrographs of (a) PS before coagulation, (b) PS after coagulation with chitosan,
(c) PS after coagulation with chitosan-CaCl,, (d) PS after coagulation with chitosan-tannic acid
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indirectly inferred based on FTIR spectral fea-
tures, SEM observations, and consistency with
previously reported studies, rather than being
directly demonstrated.

The correlation among zeta potential,
FTIR, and SEM analyses reveals the coagula-
tion mechanisms operating in the chitosan, chi-
tosan—CaCl,, and chitosan—tannic acid systems.
Together, these analyses illustrate the roles of

Chitosan-Tannic Acid-PS
Chitosan on

OH
Woﬁ/o o)
HoN,

|nteract|on

charge neutralization, polymer and ionic bridg-
ing, as well as hydrogen bonding and n—=m in-
teractions in driving microplastic aggregation.
The integration of these findings confirms that
microplastic removal is governed by a combi-
nation of electrostatic mechanisms and specific
chemical interactions, rather than solely by
changes in surface charge.
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Figure 11. Proposed interaction mechanisms of chitosan-tannic acid and chitosan-Ca**
in polystyrene microplastic coagulation
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ANN modeling analysis

The ANN model was divided into 67.9% for
training and 32.1% for testing to balance the
learning and evaluation processes. The input
variables included pH, chitosan dosage, slow
mixing time, CaCl, dosage, tannic acid dosage,
and microplastic type (PE or PS). The network
consisted of an input layer with six neurons, a
single hidden layer with four neurons using a
hyperbolic tangent activation function to cap-
ture nonlinear relationships, and an output layer
with an identity activation function to predict
removal efficiency as a continuous variable.
Figure 12 illustrates the synaptic weights rep-
resenting the influence of each input on the
output. Positive weights (gray) indicate direct
relationships, whereas negative weights (blue)
indicate inverse correlations. These findings
demonstrate how the model internalizes the
complex interactions among system parameters
that influence coagulation performance, such as
pH and coagulant dosage.

The model evaluation showed strong learn-
ing performance during the training phase, with
a sum of squares error (SSE) of 0.524 and a
relative error of 0.028, indicating a good fit to
the training data. However, the testing results
showed an increase in SSE to 2.121 and rela-
tive error to 0.088, reflecting reduced accuracy
and indicating the presence of overfitting. This
suggests that although the model effectively
memorized patterns in the training dataset, its
ability to generalize to new data remains lim-
ited. To address this issue, model refinement is
required through techniques such as adjusting
the network architecture, applying regulariza-
tion, and expanding the dataset. Incorporating
additional relevant features such as environ-
mental variables or more detailed microplastic
characteristics may further enhance the model’s
predictive capability.

Overall, despite its limitations, the ANN
model demonstrates potential for modeling the
coagulation process for microplastic removal
using chitosan. With further optimization and
dataset expansion, this model could serve as a
valuable predictive tool to support the develop-
ment of efficient water treatment strategies for
microplastic contamination.

CONCLUSIONS

This study demonstrates that chitosan-based
systems enhanced with Ca®* or tannic acid offer
effective, fully metal-free alternatives for PE and
PS microplastic removal. Optimal efficiency was
achieved at near-neutral pH, where charge neu-
tralization, ionic bridging, hydrogen bonding,
hydrophobic interactions, and n—m stacking col-
lectively promoted stable floc formation. Zeta po-
tential, ATR-FTIR, and SEM analyses confirmed
the formation of compact aggregates through syn-
ergistic electrostatic and chemical interactions,
while the ANN model successfully captured the
nonlinear behavior governing coagulation perfor-
mance and was useful for trend analysis and sys-
tem optimization within the studied conditions.
From an application standpoint, the proposed
system exhibits promising technical feasibil-
ity. Chitosan, CaCl,, and tannic acid are readily
available, low-cost materials suitable for scalable
integration into existing water treatment infra-
structures without major process modification.
Their biodegradability and absence of toxic met-
als result in environmentally safer sludge com-
pared to conventional Fe/Al coagulants, support-
ing compliance with emerging green-technology
standards. Furthermore, the relatively low dosage
requirements improve operational cost efficiency.
To enable real-world deployment, future work
should assess performance under variable water
matrices, long-term floc stability, and potential
reuse or valorization pathways for the produced
biopolymer-based sludge.
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