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Pollution of aquatic environments by nitrate ions has become increasingly severe in recent years.
Specifically, nitrate contamination in aquaculture and seafood processing wastewater is an urgent
environmental challenge, as excessive nitrate discharge can trigger eutrophication, degrade water
quality, and threaten both aquatic ecosystems and human health. Developing low-cost and sustainable
adsorbents is therefore essential for effective nitrate management, especially in regions like the Mekong
Delta where rice husk ash is abundant. Rice husk ash, an agricultural by-product, is a promising raw
material for synthesizing zeolite and zeolite-based composites which have gained attention for their
enhanced adsorption ability. To solve nitrate pollution and utilize rice husk ash, a chitosan/zeolite NaP1
composite was developed using zeolite NaPl synthesized from rice husk ash. The composite was
prepared with a chitosan : zeolite NaP1 weight ratio of 1:2 (w/w), glutaraldehyde 4%, and a mixing time
of 1 h. The composite showed an optimal adsorption efficiency and adsorption capacity of 58.47% and
70.83 mg g}, respectively at pH 5, an adsorbent dose of 1 g L%, and a nitrate concentration of

100 mg L™* in 30 min. Experimental data fitted both Langmuir and Freundlich adsorption isotherm
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Accepted 23rd Septermber 2025 models well, with a high maximum capacityof 107.761 mg g—* from the Langmuir model whereas

pseudo-first-order and pseudo-second-order kinetics also described the process well. The composite
exhibited good reusability, confirming its potential for sustainable application towards wastewater
treatment.
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Sustainability spotlight

This research addresses nitrate pollution through the sustainable synthesis of a chitosan/zeolite NaP1 (CZP) composite derived from rice husk ash, a widely
available agricultural by-product. By converting waste into effective nitrate adsorbents, the study promotes circular economy principles and significantly
enhances wastewater treatment, aligning with UN Sustainable Development Goals, specifically SDG 6 (Clean Water and Sanitation) and SDG 12 (Responsible
Consumption and Production). The developed CZP composite demonstrates high adsorption efficiency, good reusability, and environmentally friendly
production, thus contributing positively towards the reduction of eutrophication, protecting aquatic ecosystems, and supporting sustainable resource
management in industries like seafood processing and agriculture.

1. Introduction
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Nowadays, the intrusion of pollutants into aquatic environ-
ments has become increasingly severe, specifically phosphate
and nitrate.”” Agricultural and industrial activities are among
the most common sources of water pollution.® The side effects
of agricultural practices, namely residual pesticides or fertil-
izers, are harmful to water bodies, as the excess amounts can
infiltrate into soil, lakes, and groundwater, thus causing
contamination. More seriously, high concentration nitrate-
contaminated wastewater from seafood processing plants
needs to be treated on-site in an effective and environmentally
friendly manner before being discharged into the environment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Vietnam ranks among the world's leading seafood and
aquatic product exporters.*® In 2024, the total aquaculture area
was estimated to reach 1.3 million hectares of inland farming
and 9.7 million m® of marine cage farming (Fig. S1 in SI).’
Throughout the aquaculture and seafood processing, a large
amount of organic waste is released into the environment daily.
These wastes undergo microbial decomposition, resulting in
the accumulation of nitrates in aquaculture wastewater (Fig. 1).
In addition, nitrate-rich seafood processing wastewater, if di-
scharged directly into surrounding ecosystems, poses potential
risks to environmental quality and ecological balance. High
nitrate concentrations lead to algal blooms, which adversely
affect the habitats of aquatic organisms and humans (Fig. S2 in
SI).® To address this situation, adsorption was considered one of
the most promising solutions due to its simplicity and low cost.?
The selection of an appropriate adsorbent with a high adsorp-
tion capacity (AC) is a considerable interest.

In recent research, we have successfully utilized lignin
extracted from sugarcane bagasse for the treatment of waste-
water contaminated with dyes and heavy metals. The study
highlights the applicability of agricultural by-products in envi-
ronmental remediation and promotes the advancement of
green chemistry.® Zeolites, widely recognized for their good AC,
can be synthesized from various sources, including commercial
sources, agricultural or industrial by-products and natural
minerals.” Among these, by-products have gained the most
interest due to their availability and low cost. Rice husk ash
(RHA), a common by-product with large reserves in the Mekong
Delta, contains silica as the major component, which can be
used as a raw material for zeolite synthesis.'® However, the
application of zeolites in wastewater treatment is hindered by
the difficulty in recovering the adsorbent after use, due to their
small particle sizes. As a result, combining zeolites with other
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types of adsorbents has been investigated. Chitosan, a product
of chitin deacetylation, is non-toxic to the environment." Due to
the presence of active -OH and -NH,, groups in the structure of
chitosan, besides its biomedical applications, chitosan is also
used for the treatment of pollutant ions.”>** Several previous
studies have combined zeolite and chitosan to generate
composites;>'"** however, the AC of zeolite/chitosan compos-
ites towards nitrate has not been evaluated. This study aims to
treat nitrate ions in aqueous solutions using chitosan/zeolite
NaP1 (CZP), a material that improves nitrate adsorption effi-
ciency and facilitates post-adsorption material recovery
compared to zeolite NaP1 (ZP) and chitosan separately. Effects
of composite synthesis factors such as the chitosan-to-ZP mass
ratio (C:ZP) and glutaraldehyde concentration on the proper-
ties of composite were investigated. Furthermore, the effect of
adsorption conditions, including pH, adsorbent dose, nitrate
concentration, and contact time was also examined. Moreover,
adsorption isotherm models (Langmuir and Freundlich) and
kinetic models (pseudo-first-order (PFO) and pseudo-second-
order (PSO)) were applied to the experimental data to eluci-
date the nitrate adsorption mechanism on the composite.

In summary, this study aims not only to propose a practical
strategy for water decontamination but also to underscore the
broader potential of rice husk as a sustainable and versatile
resource for multifaceted environmental applications.

2. Experimental

2.1. Materials

Rice husk ash was collected from Tra Noc Industrial Zone, Can
Tho City. Then, large impurities were removed, and RHA was
finely ground before use. Chitosan was purchased from
a commercial source (90%, Chitosan Vietnam Co., Ltd).

Algae die off, "Dead zone"
sink to the bottom,

and decompose

Fig. 1 During aquaculture processes, wastewater is enriched with nitrates derived from organic waste decomposition by microorganisms.
Although a portion of these nitrates is removed naturally through uptake by aquatic plants and routine water exchange, significant amounts may
persist. The uncontrolled discharge of residual nitrates into natural ecosystems can trigger eutrophication, leading to severe environmental
degradation and contributing to the intensification of greenhouse effects.
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Chemicals such as sodium hydroxide (NaOH, 96%), acetic acid
(CH3COOH, 99.5%), hydrochloric acid (HCl, 36-38%), sulfuric
acid (H,SO,, 98%), ethylenediamine tetra acetic acid (EDTA,
99.5%), and potassium chloride (KCl, 99.5%) were supplied
from Xilong, China. In addition, some chemicals for the
determination of nitrate, including sulfamic acid (H,NSO;H,
99.3%) and sodium salicylate (C;H;NaO3, 99.5%) were obtained
from Merck, USA.

2.2. Synthesis process of the CZP composite

The synthesis process of ZP was carried out based on a previous
study.” The CZP composite was synthesized according to
another study with some modifications.** The process included
(i) dissolving 1 gram of chitosan in 100 mL of 5% acetic acid
solution; (ii) adding an exact amount of ZP to the above mixture
with various mass ratios of chitosan:ZP (C:ZP) from 1:1-1:5
(g:g); (iii) adding 25 mL of 1% glutaraldehyde solution into the
synthesis system; (iv) stirring for 1 h at room temperature to
obtain a homogeneous mixture; and (v) slowly adding the above
mixture into 500 mL of 0.5 M NaOH solution to solidify the
material. The CZP composite was separated, washed to neutral
pH and dried to a constant mass at 60 °C overnight. Table S1
summarizes the factors affecting the properties of the
composite investigated in this study.

2.3. Characterization of the material

The properties of ZP, chitosan and CZP composites were char-
acterized by methods such as Fourier transform infrared spec-
troscopy (FTIR), zeta potential, X-ray diffraction (XRD) and
scanning electron microscopy (SEM). The characteristic vibra-
tions of ZP and CZP composites were observed in the wave-
number range from 500 to 4000 cm ™" using a Jasco FT/IR 4600,
Japan. A nanoParticaSZ-100 (Horiba, Japan) was used to
measure the zeta potentials of ZP and CZP composites. The
characteristic peaks of ZP and CZP composites were character-
ized by XRD analysis (D8 diffractometer, Bruker, Germany). The
instrument was operated in the 26 angle scanning range from
10 to 70° at room temperature with CuKe radiation (1 = 1.5406
A). The morphology of CZP composites was observed from
images provided by using a scanning microscope (S4800,
Hitachi, Japan). The isoelectric point of CZP composites was
determined by impregnation with KCI solution.™

2.4. Evaluation of nitrate adsorption ability using the CZP
composite

The nitrate adsorption process was carried out as follows: 0.05 g
of the composite was added to 50 mL of nitrate solution
(100 mg L™"), and shaken for 30 min at room temperature at
a shaking speed of 200 rpm. Then, the composite and the
solution were separated by centrifugation (Centrifuge Smart 15
Plus - Hanil, Korea); the nitrate concentrations before and after
adsorption were determined according to the method of TCVN
6180:1996." The adsorption efficiency (AE) and AC were calcu-
lated based on formulae (1) and (2).
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The nitrate adsorption ability of the CZP composite under
different conditions including pH (4-9), material mass (0.5-
2.0 g L™Y), nitrate solution concentration (10-180 mg L™") and
contact time (15-720 min) was investigated. The adsorption
isotherm (Langmuir and Freundlich) and PFO and PSO kinetic
models were used to fit the experimental data and propose
mechanisms of nitrate adsorption onto the CZP composite.

2.5. Reusability of the CZP composite

The CZP composite after nitrate adsorption was collected to
determine the reusability. The composite after adsorption was
desorbed by 0.1 M NaOH solution with a solid:liquid ratio of 2 g
L~'.%* The suspension was shaken for 30 min at room temper-
ature to release the nitrate ions adsorbed on the composite. The
desorbed composite was then separated, washed to neutral pH
and dried to a constant mass for subsequent experiments. The
conditions of reusability evaluation were similar to the optimal
adsorption conditions above.

3. Results and discussion

3.1. Effect of synthesis conditions on the properties of the
composite

3.1.1. Effect of C: ZP weight ratio. The adsorption ability of
the synthesized CZP composites at different C : ZP weight ratios
was investigated under fixed adsorption conditions (pH 7,
adsorbent dose of 1 g L™, nitrate concentration of 100 mg L™*
and contact time of 30 min). As shown in Fig. 2A, the AE and AC
of CZP1, CZP2 and CZP3 corresponding to C : ZP weight ratios of
1:1,1:2and 1: 3, respectively showed high values. This means
that adding the chitosan component positively enhances the AE
and AC compared to ZP. The maximum AE and AC values are
35.77% and 47.12 mg g ' for CZP2, respectively. With the
majority of ZP (CZP4 and CZP5), the nitrate adsorption ability
insignificantly differs from that of ZP. A previous study reported
that the composite based on zeolite A and chitosan also has
a similar trend; with increasing chitosan content, the nitrate
adsorption ability increased remarkably.> However, a further
increase in chitosan did not lead to a noticeable enhancement
in the AC of nitrate.

The variation in weight loss of chitosan, ZP, and the
synthesized composites at different C: ZP weight ratios is pre-
sented in Table 1. Due to its organic nature and thermal
degradation range between 200 and 500 °C," chitosan exhibits
the highest weight loss of 98.55% after calcination at 700 °C for
2 h. ZP, which comprised oxides such as SiO,, Al,O3, and
Na,0," revealed significantly lower weight loss compared to
chitosan and the CZP composites. The weight loss of CZP
composites (CZP1-CZP5) decreases progressively from 63.60%
to 31.51%, demonstrating the compositional variation in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Nitrate adsorption ability (A); FTIR results (B) of ZP and CZP synthesized at different weight ratios of C : ZP; and nitrate adsorption ability of
ZP and CZP synthesized at various glutaraldehyde concentrations (C). Significance level (p < 0.05): ns means not significant and ****p < 0.0001.

Table 1 The weight loss of chitosan, ZP and CZP composites
synthesized at varying weight ratios of C: ZP

Sample Weight loss (%)
CTS 98.55 £+ 0.29
zp 16.21 £ 0.81
CZP1 63.60 £ 3.28
CZP2 45.94 £ 0.30
CZP3 40.55 + 1.76
CZP4 35.21 £ 0.35
CZP5 31.51 £+ 0.83

composites resulting from changes in the C:ZP weight ratio
during the mixing stage.

Based on the results of adsorption and weight loss, CZP1,
CPZ2 and CZP3 composites were selected for further analysis.
The FTIR spectra of ZP, CZP1, CZP2, and CZP3 are shown in
Fig. 2B and Table S2. The absorption band at 3477 cm™" was
attributed to O-H stretching vibrations associated with physi-
cally adsorbed water on the material surface,” while the band at
1647 cm ™' corresponds to O-H bending vibrations within the
ZP framework.” Characteristic vibrations of the tetrahedral
T-O-T (T = Si or Al) units in ZP were also observed at 993, 740,
669, and 608 cm ™, respectively.'” These characteristic bands of
ZP were retained in composites, along with the integration of

© 2025 The Author(s). Published by the Royal Society of Chemistry

chitosan-related vibrations observed in CZP1 to CZP3. The
bands in the range of 3744-3766 cm™ ' demonstrated the pres-
ence of hydroxyl (-OH) groups from chitosan.”® The C-H
stretching vibrations were observed at 2921-2929 cm ™', and the
formation of cross-linking between chitosan and glutaralde-
hyde was evidenced by the presence of C=N stretching bands in
the range of 2331-2341 cm™".* The N-H bending vibrations
from chitosan were exhibited from 1530 to 1537 cm™ "' while
C-H bending vibrations were identified between 1422 and
1438 cm ™ '.*> The presence of ether linkages (C-O-C) was
confirmed by bands at 1010-1030 cm™".*> Generally, the char-
acteristic vibration of both chitosan and ZP is noted in the CZP
composites, and the influence of glutaraldehyde on the
composite structure is also evident.

The properties of ZP and CZP1 and CZP2 composites were
investigated through zeta potential measurements (Table 2).
The zeta potential value of ZP is —91.1 mV, consistent with
values reported in previous studies. This highly negative

Table 2 Zeta potential of ZP and CZP composites synthesized at
different weight ratios of C: ZP

Sample ZP CZP1 CZP2

Zeta potential (mV) —91.1 —56.9 —70.7

RSC Sustainability, 2025, 3, 5632-5640 | 5635
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potential arises from its framework structure, which consists of
negatively charged AlO,” and SiO,  tetrahedra.” Upon the
incorporation of chitosan, the zeta potential of composites
became significantly less negative. Specifically, the zeta poten-
tials of CZP1 and CZP2 are —56.9 mV and —66.3 mV, respec-
tively. This increase in zeta potential was attributed to the
presence of chitosan, which was known to carry a positive
surface charge.” The formation of CZP composites primarily
involved electrostatic interactions between the negatively
charged framework of ZP and the protonated -NH, groups of
chitosan,” leading to a change in the zeta potential of
composites. The same charge repulsion between the material
surface and nitrate ions could negatively affect the nitrate
adsorption; thus, the increased zeta potential helps mitigate
this repulsion, enhancing the AC of nitrate.

3.1.2. Effect of glutaraldehyde concentration. The changes
in AE and AC using the synthesized composites at different
glutaraldehyde concentrations are illustrated in Fig. 2C. The
adsorption conditions are at pH 7, an adsorbent dose of 1 g L.,
a nitrate concentration of 100 mg L™" and a contact time of
30 min. At all glutaraldehyde concentrations (1-8%), the AC and
AE are higher than that of ZP. The AE and AC values gradually
increase from CZP6 to CZP7, reaching the highest values for the
CZP7 composite (45.23% and 58.49 mg g~ '). When the glutar-
aldehyde concentrations are further increased to 6% (CZP8) and
8% (CZP9), the AE and AC tended to decrease. To better
understand the change in the composite properties, the weight
loss of composites was also determined (Table 3). The weight
loss of composites synthesized at different glutaraldehyde
concentrations generally does not exhibit a remarkable differ-
ence. This demonstrates the stability of chitosan and ZP
components in composites when changing the glutaraldehyde
concentration.

The differences in AE and AC among composites can be
explained based on their zeta potential values (Table 4). At
a glutaraldehyde concentration of 1% (composite CZP6), the
zeta potential was —77.9 mV. When the glutaraldehyde
concentration is doubled and quadrupled, the zeta potential
values increase to —70.7 mV (CZP2) and —66.3 mV (CZP7),
respectively. The less negative values promote favorable inter-
actions between the composite surface and nitrate ions,
resulting in the enhancement of both AE and AC. However,
excessive glutaraldehyde concentration provides a more nega-
tive zeta potential for CZP8 compared to composites synthe-
sized with lower glutaraldehyde concentrations. Higher

Table 3 The weight loss of chitosan, ZP and CZP composites
synthesized at different glutaraldehyde concentrations

Sample Weight loss (%)
CTS 98.55 £+ 0.29
Zp 16.21 £ 0.81
CZP6 47.15 + 2.27
CZP2 45.94 £ 0.30
CZP7 43.40 + 0.98
CZP8 43.12 £ 0.47
CZP9 42.51 £+ 0.39
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Table 4 Zeta potential of ZP and composites synthesized at various
glutaraldehyde concentrations

Sample zp CZP6 CZP2 CZp7 CZP8

Zeta potential (mv)  —91.1 -77.9 -70.7  —66.3 —82.87

glutaraldehyde content reduced the positive surface charge of
chitosan by decreasing the number of free NH," groups avail-
able.” As a result, it is essential to optimize the crosslinker
concentration. In this study, the 4% glutaraldehyde concen-
tration (CZP7), which exhibited the highest AE and AC, was
identified as the optimal condition for the synthesis of CZP
composites.

The XRD patterns of ZP and CZP7 can be found in Fig. 3A.
The characteristic diffraction peaks of ZP can be observed at 2-
theta angles of 12.68°, 17.89°, 21.67°, 28.10°, 30.84°, 33.38°,
35.76°, 38.01°, 46.08°, 51.12°, 52.89° and 54.66°. Upon the
integration of chitosan, the characteristic peaks of ZP become
less prominent due to the amorphous nature of chitosan, which
tends to mask the crystalline reflections of ZP. Several charac-
teristic peaks of ZP are still recorded in the CZP7 composite.
The broad peaks at 2-theta angles of 10° and 20° exhibited the
presence of chitosan in the composite.” From the above results,
CZP composites are successfully synthesized with the main
components including chitosan and ZP. In addition, energy
dispersive spectroscopy (EDS) analysis of CZP, as illustrated in
Fig. 3B, provides an enhanced characterization of the elemental
composition of the material, thus confirming its crystalline
morphology and structural consistency. The EDS spectrum
identifies oxygen (O), carbon (C), aluminum (Al), silicon (Si),
sodium (Na), and nitrogen (N), as the predominant elements,
with respective weight percentages of 48.8%, 29.3%, 7.3%,
7.3%, 3.9%, and 3.4%, respectively. This compositional profile
is consistent with the theoretical compositional ratio of CZP,
based on the zeolite P (sodium-aluminum-silicon) framework
and chitosan (carbon-oxygen-nitrogen). A final peak is char-
acteristic of platinum, which was added to assist in the
conductivity of the sample measurement. These spectral
features confirm the presence of zeolite P and chitosan in CZP.
SEM images of CZP7 (Fig. 3C) indicate that the composite
surface with fairly uniform particles in size and shape, is
characterized by pores and roughness. A similar morphology
was previously observed in the case of zeolite X/chitosan and
natural/chitosan.’?* Additionally, the numerous pores formed
by the combination of ZP and chitosan also provide more active
sites to improve the nitrate AC of the composite.

The point of zero charge (pHp,.) of CZP7 is 7.8, which means
that at pH < 7.8, CZP?7 is positively charged and vice versa. At pH
4, AE and AC reach the highest values of 54.23% and 65.71 mg
g, respectively (Fig. 4A). As the pH value increases to 5, both
AE and AC slightly decrease to 50.79% and 61.54 mg g~ ', and
this trend continues reducing at pH 6. At pH 7, the electrostatic
interactions between the composite surface and nitrate ions
diminish due to a reduced charge differential. When the pH
exceeds the pHy,., a noticeable decline in nitrate adsorption is

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00593k

Open Access Article. Published on 24 September 2025. Downloaded on 3/14/2026 6:49:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Sustainability

+ Chitosan o Zeolite P1 Bl M spectum 7

M Spectrum 7

Intensity (a.u.)

I l I | | Zeolite P1 (JCPDS 39-0219)
"

10 15 20 25 30 35 40 45 50 55 60
2theta (°)

Cc

Fig. 3 XRD patterns of ZP and CZP7 (A) and SEM images at different magnifications of the CZP7 composite (B and C).
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reusability of CZP7 (E). Significance level (p < 0.05): ns means not significant and ****p < 0.0001.
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observed. This is evidenced by the lowest AE and AC values of
16.27% and 19.71 mg g~ ' at pH 8, respectively. This tendency
was also reported in previous studies. At pH values lower than
the pHp,., the composite surface carried positive charges,
creating favorable conditions for the nitrate adsorption.>® As pH
increased, the positive surface charge decreased, weakening the
electrostatic interactions between the adsorbent and the nitrate
ions, therefore reducing the AE.* In this study, pH 5 was
selected as the optimal condition for further experiments
because it provided the effective removal of nitrate. Moreover,
PH 5 offers greater composite stability, as the ZP component of
the composite is unstable under strongly acidic conditions.

3.2. Effect of operating conditions on the nitrate adsorption
of the composite

Fig. 4B shows the nitrate AC of composites with different
adsorbent doses (0.5-2.0 g L'). The efficiency gradually
increases with increasing adsorbent dose from 0.5 to 1.0 g L™*
(26.98-58.47%). Further addition of adsorbent does not signif-
icantly change the efficiency (58.33-58.60%). Meanwhile, in the
range of 0.5-1 g L™", ACs increase from 65.38 to 74.57 mg g,
and then decrease slightly to 70.83 mg g~ '. A marked decrease
occurred at adsorbent doses of 1.5 and 2.0 g L™". The low AE
values at adsorbent doses of 0.5 and 0.75 g L™ " were the result of
a lack of active sites capable of adsorbing nitrate ions. With
high doses, the abundance of adsorption sites promoted the
interaction between the adsorbent and nitrate ions, leading to
an increase in AE.*?® However, with an excess adsorbent dose,
the AE does not increase significantly. The high AC values in the
range of 0.5-1.0 ¢ L™ " indicated dense coverage of nitrate ions
on a small number of adsorption sites, indicating efficient
utilization of the adsorbent. The excess number of active sites
did not support the capture of nitrate ions and led to a decrease
in AC. For that reason, to avoid wasting the adsorbent and
ensure the AE, a dose of 1 g L' was selected for subsequent
investigations.

Table 5 Parameters of the isotherm models and the kinetic models
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Nitrate concentration is a critical factor influencing AE and
AC of the CZP7 composite; therefore, a concentration range of
10-180 mg L™ " is investigated (Fig. 4C). The highest AE value of
79.63% is recorded at 10 mg L' and gradually reduces as the
nitrate concentration increases from 20 to 180 mg L™ ", A slight
decline in AE is observed within the range of 20-60 mg L™,
while more decreases occur at concentrations above 80 mg L™ ",
At 180 mg L', the AE reaches the lowest value of 43.76%. Lower
nitrate concentrations where most of the available adsorption
sites could be fully utilized, result in high efficiency.?
Conversely, at higher concentrations, the number of active sites
became insufficient, leading to a decrease in AE. However, using
excessive amounts of adsorbent under such conditions would
be inefficient and wasteful. In contrast, AC increased with
increasing nitrate concentration due to a higher amount of
nitrate ions being captured per unit mass of adsorbent.’ To
balance AE and AC, the nitrate concentration of 100 mg L™ was
selected for further investigation of the effect of contact time.

The contact time is varied from 15 to 720 min to examine the
effect of prolonging the time on the nitrate AC of the composite
(Fig. 4D). In the first 15 min, AE and AC are 37.68% and
45.83 mg g~ ', respectively. When the contact time is doubled,
AE and AC significantly increase to 58.47% and 70.83 mg g~ ',
respectively. Further prolonging the contact time does not
change the AE and AC values. As a whole, the CZP7 composite
exhibits the nitrate adsorption ability in a short time and ach-
ieves the expected efficiency, indicating its potential applica-
tion. The reusability of the CZP7 composite is also evaluated to
consider its sustainability in practical applications (Fig. 4E).
After the first cycle of adsorption and reuse, AE drops by about
5%. In the third adsorption cycle, AE continued to decrease by
more than 10%, while AE reached 41.70% in the fourth usage
cycle. After 5 uses, AE decreases by nearly 20% compared to the
first adsorption.

Adsorption isotherm models are applied to investigate the
mechanism of nitrate adsorption. The parameters of the
Langmuir and Freundlich isotherm models are calculated
based on the experimental data (Table 5). Both models exhibit

Isotherm models Equations Parameters Values
Langmuir AC(mg g ') = (Co—Ce)x V 3) ACpnax (mg g 1): the Langmuir maximum adsorption capacity 107.761
m Ky (L mg™"): the Langmuir adsorption equilibrium constant 0.037
R 0.997
Freundlich AC. — KoC. nl_r () Kg (L g "): the Freundlich isotherm constant 10.992
¢ e ng: the constant related to the heterogeneity of the adsorbent surface 2.227
R 0.952
Kinetic models Equations Parameters Values
PFO AC; = AC, (1 — e 1 (5) k; (1/min): the PFO rate constant 0.072
AC. (mg g~ "): the calculated AC 75.087
R 0.999
PSO krAC2t k, (g mg~" min~"): the PSO rate constant 0.002
AC = 1+ kyACete AC. (mg g "): the calculated AC 79.600
R 0.997
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high correlation coefficients, with R*> values of 0.997 (the
Langmuir model) and 0.952 (the Freundlich model). However,
due to the higher R*, the Langmuir model provided a better fit
for describing the nitrate adsorption behavior of the CZP
composite, suggesting a monolayer adsorption process on
a homogeneous surface.”” The maximum adsorption capacity
(ACmay) calculated from the Langmuir model is 107.761 mg g,
indicating the theoretical maximum uptake on a single layer of
adsorbent. Moreover, the Freundlich model, despite its slightly
lower correlation, still contributed insights into the adsorption
mechanism. This model suggested a heterogeneous adsorption
surface and implied interactions between adsorbed ions on the
adsorbent surface.”® Nitrate ions are unevenly distributed across
the adsorption sites on the composite surface. The surface
heterogeneity is further indicated by an ng value of 2.227, which
also reflects favorable adsorption behaviour. Generally, the
nitrate adsorption process on the CZP7 composite involves both
homogeneous and heterogeneous adsorption, with homoge-
neous adsorption being dominant as evidenced by the better fit
of the Langmuir model.

The experimental data collected from the investigation of the
effect of contact time are fitted with both PFO and PSO kinetic
models. The R* values were 0.999 and 0.997 for PFO and PSO
models, respectively indicating that the mechanism of nitrate
adsorption on the composite could occur via both physical and
chemical mechanisms.? The adsorption mechanism is mainly
based on the electrostatic interaction between nitrate ions and
the surface of CZP7. From the fit of the isotherm and kinetic
models, it can be concluded that the nitrate adsorption process
on the composite occurs favourably on a homogeneous surface
with the important mechanism based on electrostatic
interaction.

The adsorption mechanism is further clarified through FTIR
spectra (Fig. 5). The composites before and after nitrate
adsorption showed the characteristic vibration bands of ZP and
chitosan suggesting that the CZP composite maintained its
specific structural features after adsorption. For the post-
adsorption CZP composite, a remarkable change appears in
the wavenumber region below 1700 cm ™", which is attributed to
the interaction between nitrate ions and protonated -NH,
groups under adsorption conditions at pH 5.** Meanwhile,

CZ.P7 after adsorption

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

500

Fig. 5 The FTIR spectra of CZP7 and CZP7 after nitrate adsorption.
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a slight decrease in the intensity of vibrations in the range of
500-1000 cm™ ' is mainly due to electrostatic interactions
between the protonated ZP surface and anions.' Thus, the
adsorption process predominantly occurs by a charge-sharing
mechanism between the positively charged sites on the
composite surface and nitrate ions (Fig. 5).

4. Conclusions

To control nitrate ion concentration in aquaculture and seafood
processing systems, this study prepared CZP composites as an
advanced material for efficient nitrate removal, contributing to
sustainable water quality management. CZP composites,
successfully synthesized with ZP derived from RHA, were
developed from a cheap and readily available by-product to
ensure economic viability. Characteristic vibrations of chitosan
and ZP were fully exposed in the FTIR spectra. The mass loss of
composites demonstrated the difference in their organic and
inorganic components. Additionally, the significant increase in
zeta potential values demonstrated the change in physico-
chemical properties between ZP and composites. The
morphology of composites was also characterized by voids and
rough surfaces. Moreover, the nitrate adsorption of composites
was investigated at pH 5, an adsorbent dose of 1 g L™, a nitrate
concentration of 100 mg L™ " and a contact time of 30 min to
achieve the optimal experimental AE and AC of 58.47% and
70.83 mg g~ ', respectively. The adsorption process indicated
the good agreement with the Langmuir and Freundlich
isotherm adsorption models with an R*> of 0.997 and 0.952,
respectively whereas ACy,.x based on the Langmuir model was
107.761 mg g~ ". The PFO (R* = 0.999) and PSO (R*> = 0.997)
models also described the adsorption mechanism of nitrate
onto the composite well. The reusability of CZP was demon-
strated with AE decreasing by about 20% after 5 uses. Therefore,
the CZP composite is a potential material for application for
wastewater treatment in the future.
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