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Abstract

Environmentally friendly synthesis offers a sustainable approach to material de-
velopment. In this study, Ag-CeO, was successfully synthesized using Morinda
citrifolia L. leaf extract, which served as both a bioreductant and a stabilizer to
prevent agglomeration. A chitosan-polyvinyl alcohol (PVA) matrix was used to
host the synthesized Ag—CeO,, enabling its application in crystal violet dye (CVD)
degradation and antibacterial studies. The resulting Chitosan-PVA/Ag-CeO, com-
posite was characterized using XRD, SEM-EDX, and UV-DRS. XRD confirmed the
composite formation with diffraction patterns reflecting its constituents, whereas
UV-DRS characterization identified a 2.12 eV band gap, enabling photocatalytic
activity under visible light. Degradation optimization, performed via Response
Surface Methodology based on Central Composite Design approach, indicated a
quadratic model with optimal conditions at pH 8, 33 mg/L CVD concentration,
and 145 min of irradiation, achieving 96.37% degradation efficiency. The degra-
dation kinetics followed a pseudo-first-order model with a rate constant (k) of
0.0408 min~L. FTIR analysis demonstrated composite stability with no significant
spectral changes after photodegradation. TOC analysis confirmed 84.26% miner-
alization, and recycling tests showed only a 5.02% decrease in efficiency after five
cycles. Furthermore, antibacterial assays against Staphylococcus aureus and Esch-
erichia coli demonstrated the composite’s strong antibacterial potential.

Key findings

e Morinda citrifolia L. leaf extract served as a natural reductant in the eco-friendly synthesis
of the Chitosan-PVA/Ag-CeO, composite.

e An efficiency of 96.37% in crystal violet dye (CVD) degradation was achieved under opti-
mum conditions—pH 8, 33 mg/L concentration, and 145 min irradiation—as predicted by a
quadratic model developed through Response Surface Methodology (RSM).

e The composite demonstrated effective inhibition of Staphylococcus aureus and Escherichia
coli.
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manufacturing, paper, cosmetics, pharmaceuticals, leather,
and food-related industries [3,4]. However, dye-containing
wastewater is highly resistant to natural degradation, caus-
ing severe ecological damage. The presence of dyes in water

1. Introduction

Water contamination by synthetic dyes is a major environ-
mental concern and a global challenge [1,2]. The utilization
of these dyes spans a wide range of fields, including textile
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decreases light availability, disrupts photosynthesis, and
negatively impacts aquatic life. Additionally, numerous
dyes incorporate carcinogenic and mutagenic compounds,
presenting chronic health risks to humans [3,5].

Among synthetic dyes, crystal violet (CVD) is frequently
employed in industrial processes. Classified as a cationic
dye, it is also used in microbiology for biological staining
and in medicine as an antifungal and antibacterial agent
[6,7]. Despite these applications, CVD is a recognized bio-
hazard: exposure can cause fainting, eye irritation, diar-
rhea, headaches, and vomiting, while chronic exposure may
lead to kidney failure and carcinogenic effects [8-10].

Effective dye removal technologies are therefore essen-
tial. Advanced Oxidation Processes (AOPs) using heteroge-
neous catalysts are regarded as highly effective compared
to methods such as adsorption, coagulation, flocculation,
conventional oxidation, or biodegradation [2,11-14]. How-
ever, AOPs are limited by sludge production and high oper-
ating costs [15]. Their effectiveness lies in generating reac-
tive hydroxyl radicals (¢OH), which mineralize dyes into
CO,, H,0, and inorganic ions [16].

Cerium oxide (CeO,) has attracted considerable atten-
tion as both a photocatalyst and an antibacterial agent [17].
Its advantages include a reversible Ce3*/Ce** redox cycle,
tunable oxygen vacancies, high thermal stability, biocom-
patibility, and strong redox potential [17,18]. CeO, is an n-
type semiconductor with a band gap of 2.8-3.1 eV. Its broad
band gap together with a small surface area promotes rapid
electron-hole recombination and insufficient absorption in
the visible range, which hinders photocatalytic activity.
Metal doping, particularly with silver (Ag), promotes the
formation of heterojunctions that enable electron transfer
from the conduction band of CeO, to Ag across the interface.
The establishment of such heterojunctions effectively miti-
gates the intrinsic limitations of CeO, by enhancing charge
separation efficiency, extending visible-light absorption,
and facilitating the generation of reactive radical species.
Consequently, these effects collectively improve the overall
photocatalytic performance of the material.

Moreover, Ag-CeO, composites exhibit stronger anti-
bacterial activity than pure CeO, [19,20]. Nevertheless, Ag-
CeO, composites are prone to aggregation due to van der
Waals forces. Incorporating chitosan and polyvinyl alcohol
(PVA) as a polymeric matrix helps to disperse Ag-CeO, par-
ticles evenly, prevent clumping, and preserve surface activ-
ity [17,21]. Chitosan is biocompatible and swells in acidic
solutions but tends to weaken in aqueous environments.

Chitosan is widely recognized as an effective support
material for metal oxide-based photocatalysts due to its
large surface area, high adsorption capacity, and inherent
ability to stabilize catalytic structures [22]. In contrast, PVA
is a non-toxic, water-soluble polymer with good biodegra-
dability and mechanical stability [23]. Together, PVA and
chitosan form a cross-linked network that enhances the sta-
bility and durability of the composite [21,24].
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This study aims to synthesize a chitosan-PVA/Ag-CeO,
composite for crystal violet dye degradation. Ag-CeO, was
prepared through an environmentally friendly synthesis
route using Morinda citrifolia L. leaf extract, which pro-
vides flavonoids, phenols, and chlorophyll as natural reduc-
ing and stabilizing agents [25,26]. The novelty of this study
lies in the green synthesis of Ag-CeO, using Morinda citri-
folia L. extract, followed by its incorporation into a Chi-
tosan-PVA matrix to develop a multifunctional material.
The resulting composite not only functions as an effective
photocatalytic degrading agent but also exhibits significant
antibacterial activity. The Morinda citrifolia L. leaf extract
contains alkaloids, tannins, saponins, and steroids with
known antibacterial properties against Gram-positive and
Gram-negative bacteria [27]. Optimization of CVD degrada-
tion was performed using Response Surface Methodology
(RSM), with pH, dye concentration, and irradiation dura-
tion as the key variables.

2. Experimental

2.1. Materials

Morinda citrifolia leaves were collected from Banyuasin Re-
gency, Indonesia. The other materials used in this study in-
cluded ethanol (99.9%), AgNOs (299.98%), Ce(NO3)3-6H,0
(=98.5%), NH,OH (30-33%), crystal violet dye (CVD,
>290%), poly(vinyl alcohol) (PVA, 98-99%), chitosan (de-
gree of deacetylation: 75-85%), NaCl (299.5%), HCl
(37%), NaOH (299.0%), dimethyl sulfoxide (DMSO,
299.9%), nutrient agar (270%), and amoxicillin (295%),
all obtained from Sigma-Aldrich.

2.2. Extraction of Morinda citrifolia L. Leaf

Fresh leaves were thoroughly washed and dried under sun-
light for ~2 days, then ground into powder. 50 g of the pow-
der were extracted with 500 mL of 96% ethanol and left for
24 h at room temperature. The mixture was filtered, and
the filtrate was stored at 4 °C until use.

2.3. Synthesis of Ag-CeO,

Ag-CeO, was synthesized via a coprecipitation method. A
solution of 1 g AgNO;3 in 100 mL distilled water was mixed
with 4.5 g Ce(NO3)3-6H,0 dissolved in 50 mL distilled wa-
ter. Then, 50 mL of Morinda citrifolia L leaf extract was
added and stirred at 250 rpm at room temperature. A 25%
NH,4OH solution was added dropwise until the pH reached
~10. The precipitate was collected by centrifugation for
15 min and calcined at 500 °C for 2 h.

2.4. Synthesis of chitosan-PVA/Ag-CeO, composite

The composite was prepared following a modified proce-
dure [21,28]. To obtain the PVA solution, 0.5 g of PVA was
mixed with 100 mL of distilled water and heated to 70 °C
with stirring at 250 rpm. Separately, 100 mL of 1% (w/v)
chitosan solution was prepared, then mixed with the PVA
solution (weight ratio = 1:0.5) under stirring at 250 rpm to

DOI: 10.15826/chimtech.9153


https://doi.org/10.15826/chimtech.9153

Chimica Techno Acta 2025, vol. 12(4), No. 9153

obtain a homogeneous chitosan-PVA solution. Next, 2 g of
Ag-CeO, was added to the chitosan-PVA solution. The mix-
ture was sonicated for 30 min and subsequently stirred at
room temperature for 3 h. The resulting precipitate was
separated by filtration, washed with distilled water, and
dried in an oven at 80 °C for 4 h. The obtained composite
was then stored in a desiccator until further use.

2.5. Determination of pHpzc

A total of 50 mL of 0.1 M NacCl solution was placed in Erlen-
meyer flasks, and the pH was adjusted to values between 2
and 12 using 0.1 M HCI or 0.1 M NaOH. Then, 0.1 g of the
chitosan-PVA/Ag-CeO, composite was added to each solu-
tion and shaken at 220 rpm at 25 °C for 2 h. The suspen-
sions were left to equilibrate for 24 h. The pHpzc was de-
termined from the plot of initial pH versus ApH [16,29] .

2.6. Instrumentation

The composite was characterized using X-ray Diffraction
(XRD, SmartLab Rigaku), Scanning Electron Microscopy
coupled with Energy-Dispersive X-ray spectroscopy (SEM-
EDX, JEOL JSM-IT200), UV-Vis Diffuse Reflectance Spec-
troscopy (UV-DRS, Hitachi U-2900), and Fourier Transform
Infrared Spectroscopy (FTIR, PerkinElmer UATR). The sur-
face area was determined using the NET method
(Quantachrome TouchWin vi.22). Dye degradation was
monitored using a UV-Vis Spectrophotometer (Thermo
Orion AquaMate 8000).

2.7. Experimental design of photocatalytic

Photocatalytic degradation of CVD using the chitosan-
PVA/Ag-CeO, composite was investigated through Re-
sponse Surface Methodology (RSM) with a Central Compo-
site Design (CCD). Each experiment was performed in
50 mL of CVD solution containing 0.01 g of the composite
under visible light irradiation. A total of 20 runs were con-
ducted, with solution pH, CVD concentration, and irradia-
tion time as the experimental variables, as summarized in
Table 1. Statistical analysis was carried out using Design
Expert 13 software.

2.8. Recycling of chitosan-PVA/Ag-CeO, composite

In this study, recycling was performed by washing the used
chitosan-PVA/Ag-CeO, composite with distilled water and
ethanol, followed by drying at 105 °C for 1 hour [30-32].
The recycling experiment was conducted for five consecu-
tive cycles, and the degradation efficiency was determined
for each cycle.

Table 1 Experimental Parameters of RSM-CCD.

Variables 1 o -1
pH 4 6 8
CVD concentration (mg/L) 20 40 60
Irradiation time (min) 30 90 150
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2.9. Antibacterial

The disc diffusion assay, following modifications of previ-
ously described protocols [32,33], was employed to evalu-
ate the antibacterial performance of the chitosan-PVA/Ag-
CeO, composite. Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli) were selected as test organisms.
Discs of filter paper (=5 mm) were saturated with compo-
site solutions in DMSO at concentrations between 1000 and
5000 mg/L. The discs were then placed on agar plates pre-
with
(~10% CFU/mL) grown in Mueller-Hinton broth. Following
24 h incubation at 37 °C, antibacterial efficacy was evalu-
ated from the diameter of inhibition zones (mm) surround-
ing each disc, with DMSO acted as the negative control,
whereas amoxicillin was used as the positive control.

viously inoculated bacterial suspensions

3. Results and Discussion

3.1. Characterization

The XRD patterns of Ag-CeO, and the chitosan-PVA/Ag-CeO,
composite are shown in Figure 1. In Figure 1(a), the diffrac-
tion peaks correspond to the combination of Ag and CeO,
phases. Ag exhibits characteristic reflections at 20 = 38.11°,
44.30°, 64.11°, and 78.1°, corresponding to the (111), (200),
(220), and (311) planes (JCPDS No. 04-0783). The sharp
peak near 38° is particularly indicative of Ag [34]. CeO, dis-
plays peaks at 20 = 28.68°, 33.21°, 47.73°, 56.41°, 59.10°,
and 69.43°, which match the (111), (200), (220), (311),
(222), and (400) planes (JCPDS No. 34-0394).

In Figure 1(b), the same patterns are observed, but with
decreased intensity due to the amorphous nature of chi-
tosan and PVA. The same phenomenon occurs in the CeO--
SiO. composite, where the peak width and intensity are
lower in the Ce04-SiO> peak compared to CeO [35]. Chi-
tosan typically shows peaks at ~10° and 20°, while PVA ex-
hibits a peak around 19.5° [21,36]. However, these are not
clearly visible, likely masked by the dominant CeO, peaks.
Using the Debye-Scherrer equation at the highest intensity
CeO, (111) peak, the crystallite size of Ag-CeO, was esti-
mated as 18.88 nm, while that of the chitosan-PVA/Ag-
CeO, composite was 24.07 nm. The increase in crystallite
size observed in the chitosan-PVA/Ag-CeO, composite can
be attributed to the stabilizing effect of the polymer matrix,
which facilitates particle growth and recrystallization.
Crystallite size calculations using the Williamson-Hall (W-
H) equation yielded larger values of 21.45 nm and 28.30nm.
This discrepancy is likely because the Williamson-Hall
method accounts for both crystallite size and microstrain
within the crystal lattice [37].

SEM images (Figure 2) reveal that Ag-CeO, possesses an
uneven surface morphology characterized by aggregated
particles. The agglomeration is likely caused by Van der
Waals interactions between particles and the drying pro-
cess during synthesis.

DOI: 10.15826/chimtech.9153


https://doi.org/10.15826/chimtech.9153

Chimica Techno Acta 2025, vol. 12(4), No. 9153

—— Ag-CeO,
—— Chitosan-PVA/Ag-CeO,

* Ag
¢ CeO,

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (Degree)

Figure 1 XRD pattern of Ag-CeO, and chitosan-PVA/Ag-CeO, com-
posite.

In contrast, the chitosan-PVA/Ag-CeO, composite exhib-
its well-dispersed granules, indicating that Ag-CeO, particles
are uniformly distributed within the polymer matrix.

EDX mapping (Figure 3) confirms the composite compo-
sition of O (22.03%), Ag (16.23%), C (13.84%), Ce
(46.96%), and N (0.94%), demonstrating that Ag-CeO,
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was effectively embedded into the chitosan-PVA structure.
Although distribution is not entirely uniform, Ag-CeO, par-
ticles are clearly embedded within the surface.

Figure 4 presents the UV-Vis spectra and calculated
band gap values. The band gap of Ag-CeO, was determined
to be 2.30 eV, slightly smaller than the 2.5 eV reported for
Ag-CeO, synthesized using Morinda tinctoria extract [18].
The chitosan-PVA/Ag-CeO, composite exhibited a further
reduced band gap of 2.12 eV. This red shift is attributed to
improved dispersion of Ag-CeO, within the polymer and the
formation of oxygen vacancies, which enhance visible-light
absorption. Comparable findings have been reported for
Ag@Ce0,/rGO (2.75 eV) and CeO, (3.05 eV) [20].

The surface area of Ag-CeO, is lower than that of the
chitosan-PVA/Ag-CeO, composite (Table 2). A similar trend
has been reported when TiO, is dispersed within a polydo-
pamine-chitosan matrix, where the surface area increased
from 9.689 m?/g for pure TiO, to 114.465 m?/g for the pol-
ydopamine-chitosan-TiO, composite [38]. This enhance-
ment in surface area can be attributed to surface modifica-
tion by polymer layers such as chitosan and PVA, which pro-
mote the formation of a porous structure while simultane-
ously preventing the agglomeration of Ag-CeO, particles.

DOI: 10.15826/chimtech.9153
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Figure 4 (a) UV-visible spectra and (b) Tauc plot of Ag-CeO, and chitosan-PVA/Ag-CeO, composite.

Table 2 Surface area parameters.

A SgeT Pore vol. Pore size
Materials N
(m?/g) (cm?/g) (nm)
Ag/CeO, 71.458 0.362 4.985
Chitosan-PVA/Ag-CeO, 98.410 0.625 6.324

The point of zero charge (pHpzc) of the chitosan-PVA/Ag-
CeO, composite was determined as 6.4 (Figure 5). This pa-
rameter is crucial as it dictates the surface charge of the
photocatalyst, thereby affecting pollutant adsorption and
radical generation [16,39].

3.2. CCD model Analysis

RSM is a multivariate statistical approach used to design
experiments, develop empirical models, and analyze the ef-
fects of multiple operational parameters on process out-
comes [40]. This study employed a CCD-based RSM experi-
mental design with three variables: solution pH (A), CVD
concentration (B), and irradiation time (C). The CCD model
is widely used due to its flexibility in exploring variable in-
teractions with a relatively small number of experiments
[41]. Table 3 presents the actual and predicted degradation
efficiencies. The difference between them (0.01-2.11) was
minimal, indicating excellent model fit.

4

3

I ¥
4° T T T T T T T T T T T T
8 9 10 11 12 1B

-5
Initial pH

Figure 5 pHpzc of chitosan-PVA/Ag-CeO, composite.
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This was further supported by the close alignment of data
points along the diagonal line (y = x) in Figure 6, demon-
strating the model’s strong predictive ability and very small
residual errors.

ANOVA results (Table 4) confirmed that the quadratic
model was the most appropriate for describing CVD degrada-
tion using the chitosan-PVA/Ag-CeO, composite, as indicated
by p value < 0.05 and a non-significant lack of fit
(p = 0.5648) [42]. Among the main factors, pH (A) was the
most influential (F = 782.87; p < 0.0001), showing that solution
acidity strongly affected degradation efficiency. Irradiation time
(B) also had a significant effect (F = 71.58; p < 0.0001), whereas
CVD concentration (C) was not significant (p = 0.8055), sug-
gesting that within the studied range, the concentration
changes did not substantially alter the response.

Table 3 CCD design with actual and predicted values.

Degradation (%)

Run A B (mg/L) e Actual Predicted
1 6 40 90 81.87 80.48
2 4 40 90 61.33 62.43
3 6 40 90 78.37 80.48
4 8 40 90 92.86 91.19
5 6 40 90 81.66 80.48
6 8 60 30 97.26 98.51
7 6 60 90 84.20 82.81
8 8 60 150 92.37 92.27
9 4 60 30 69.23 68.59
10 6 40 90 81.56 80.48
11 6 40 90 78.37 80.48
12 6 40 150 89.20 89.21
13 6 40 30 79.80 80.22
14 4 20 150 79.36 78.01
15 6 20 90 81.27 83.08
16 4 20 30 53.77 53.78
17 4 60 150 75.21 76.12
18 6 40 90 81.87 80.48
19 8 20 30 98.15 97.15
20 8 20 150 100.07 102.61

DOI: 10.15826/chimtech.9153
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Figure 6 The predicted versus actual value.

Table 4 ANOVA analysis for CVD degradation.

Source Sum of df Mean F-value p-value
square square

Model 2846.57 9 316.29 111.84 < 0.0001
A 2214.05 1 2214.05 782.87 < 0.0001
B 0.1808 1 0.1808 0.0639 0.8055
C 202.44 1 202.44 71.58 < 0.0001
AB 90.41 1 90.41 31.97 0.0002
AC 94.74 1 94.74 33.50 0.0002
BC 139.48 1 139.48 49.32 < 0.0001
A? 27.69 1 27.69 9.79 0.0107
B? 16.69 1 16.69 5.90 0.0355
c? 49.23 1 49.23 17.41 0.0019
Residual 28.28 10 2.83
Lack of Fit 13.06 5 2.61 0.8578 0.5648
Pure Er-
ror 15.22 5 3.04
Cor Total 2874.85 19

All interaction terms (AB, AC, and BC) were significant,
highlighting the synergistic effects of combined factors on
degradation efficiency.

Model evaluation parameters are summarized in Table
5. The model exhibited good precision, as shown by a rela-
tively small standard deviation (1.68) compared with the
mean response (82.24). The high R? value (0.9902) and ad-
justed R? (0.9813) confirmed an excellent fit, with 99.02%
of response variation explained by the model.

The difference between adjusted R? and predicted R?
was less than 0.2, indicating strong internal consistency
[43,44]. Moreover, the high Adeq precision value (452.699)
reflected a robust signal-to-noise ratio, ensuring the
model’s reliability in capturing true factor effects rather
than random variation.

The resulting quadratic model describing the relation-
ship between degradation efficiency (%) and the variables
A, B, and C can be expressed as:
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Degradation (%) = 80.48 + 14.88A — 0.1345(B)
+ 4.50(C) - 3.36(AB) — 3.44(AC) - 4.18(BC) - (1
3.17(A%) + 2.46(B?) + 4.23(C?).

3.3. Interactions between variables

The 3D response surface and contour plots for CVD degra-
dation using the chitosan-PVA/Ag-CeO, composite are
shown in Figure 7. In these plots, blue regions represent
areas of low degradation efficiency, while red regions indi-
cate areas of high efficiency. The general trend observed is
that degradation efficiency increases with higher pH val-
ues, lower CVD concentrations, and longer irradiation
times.

The optimum degradation efficiency was achieved at pH
8. Since CVD is a cationic dye, the surface charge of the pho-
tocatalyst plays an important role. The composite had a
pHpzc of 6.4; thus, at pH values above this point, the sur-
face became negatively charged, promoting electrostatic at-
traction with CVD molecules and improving adsorption. In
addition, higher pH levels increased the availability of OH™
ions, which enhanced «OH radical formation and, conse-
quently, photocatalytic degradation.

The optimum initial concentration was determined to be
33 mg/L. At lower dye concentrations, fewer CVD molecules
were present in solution, allowing reactive species (+OH,
*0,7) generated by the photocatalyst to interact more effi-
ciently and uniformly. As a result, degradation effective-
ness was higher at lower concentrations. An increase in
pollutant concentration initially enhanced the degradation
efficiency; however, at higher concentrations, the effi-
ciency declined. This decrease can be attributed to the ex-
cessive number of pollutant molecules adsorbed on the cat-
alyst surface, which compete for active sites and hinder
light penetration. Consequently, the generation of reactive
radicals was reduced, leading to the inhibition of the pho-
tocatalytic process [31,39].

Irradiation time also improved degradation efficiency
up to an optimum point, beyond which additional exposure
did not yield improvements. This plateau effect is at-
tributed to the limited number of remaining pollutant mol-
ecules and the saturation of active catalytic sites [33,45].

Desirability analysis was applied to convert each re-
sponse into a scale of 0-1 and combine them into a single
optimization function, enabling the determination of condi-
tions that simultaneously satisfy all the response targets.

Table 5 Statistical parameters for CVD degradation.

Parameters Value
Standard Deviation 1.68
Mean 82.24
CV. % 2.04
R? 0.9902
Adjusted R? 0.9813
Predicted R? 0.9356
Adeq Precision 452.699

DOI: 10.15826/chimtech.9153
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For CVD degradation using the chitosan-PVA/Ag-CeO,
composite, the analysis yielded a desirability value of 1 un-
der optimum conditions of pH 8, CVD concentration of
33 mg/L, and irradiation time of 145 min, achieving a deg-
radation efficiency of 96.37% (Figure 8). A desirability
value of 1 indicates that the predicted response perfectly
meets the target criteria.

3.4. Kinetic study

The kinetics of CVD degradation using the chitosan-
PVA/Ag-CeO, composite were analyzed based on a pseudo-
first-order model, which assumes that the dye is present in
excess and that the degradation rate depends solely on the
dye concentration [41]. The kinetic equation is expressed as
follows:

c
kt =—In C—O, (2)
where C, and C represent the initial and residual CVD con-
centrations at time t, respectively, while k (min) denotes
the degradation rate constant.

The high coefficient of determination (R* = 0.9942) in-
dicates an excellent fit with the pseudo-first-order kinetic
model (Figure 9). The
(k = 0.0408 min™!) suggests that the degradation proceeds
at arelatively rapid rate and is influenced by the initial CVD
concentration. This result is consistent with previous stud-
ies reporting that CVD degradation using ZnO and TiO, cat-
alysts also follows pseudo-first-order kinetics [10].

obtained rate constant

3.5. Stability of chitosan-PVA/Ag-CeO, composite

The stability of the chitosan-PVA/Ag-CeO, composite was
evaluated through FTIR analysis conducted before and after
photodegradation and recycling tests. As shown in Figure
10, the main FTIR peaks remained essentially unchanged
after the degradation process, confirming good structural
stability. Minor shifts or intensity variations could be at-
tributed to residual CVD molecules or intermediate degra-
dation products adsorbed on the composite surface.

60 Desirability
50 —
~
I~
~
o0
E | o4
Nf
g 40 — 0.5 0.6 0.7
Q
o
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20 T | |
4 5 6 7 é
A. pH

Figure 8 Desirability for the optimization of CVD degradation by
chitosan-PVA/Ag-CeO, composite.
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Figure 10 FTIR spectra of chitosan-PVA/Ag-CeO, composite.

! corre-

The broad absorption band at 3200-3400 cm™
sponds to N-H and O-H stretching vibrations derived from
chitosan, PVA, and overlapping water molecules. The band
at ~1590 cm™! is associated with N-H bending or C-N
stretching, while the peak near 1300 cm™! reflects C=0
stretching [46]. The Ce-O vibration was observed in the
400-800 cm™! range, appearing at ~700 cm™! in this study,
which confirms the presence of CeO, (17). Pure Ag° does not
produce FTIR bands due to the absence of covalent bond vi-
brations.

Catalyst regeneration is crucial for assessing long-term
stability, reusability, and minimizing environmental im-
pacts [42,47]. After five cycles of reuse under optimal deg-
radation conditions, the chitosan-PVA/Ag-CeO, composite
maintained a degradation efficiency of 91.35%, correspond-
ing to only a 5.02% reduction (Figure 11). This slight de-
crease may result from catalyst mass loss during washing
and drying, as well as partial surface blockage by unre-
leased dye residues [16,48].

For comparison, previous research on CVD degradation
using Sr-ZnO/activated carbon nanoneedles reported a
greater decline in efficiency of 10.99% after five cycles [4].
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Figure 11 Recycling of chitosan-PVA/Ag-CeO, composite.

Therefore, the relatively stable performance of the chi-
tosan-PVA/Ag-CeO, composite highlights its promising po-
tential as a reusable and efficient photocatalyst for
wastewater treatment applications.

3.6. Photocatalytic mechanism

A scavenger test was conducted to identify the dominant re-
active species involved in the photodegradation mecha-
nism. Ethylenediaminetetraacetic acid (EDTA) was used as
a hole (h™) scavenger, silver nitrate (AgNO3) for electrons
(e™), benzoquinone (BQ) for superoxide radicals (O,¢7), and
isopropyl alcohol (IPA) as a hydroxyl radical (¢OH) scaven-
ger [41]. The experimental results demonstrated that the
addition of IPA produced the lowest degradation efficiency
(28.43%), indicating that hydroxyl radicals are the primary
reactive species responsible for CVD degradation. The pres-
ence of BQ reduced the efficiency to 44.64%, confirming a sec-
ondary contribution from superoxide radicals, while the ef-
fects of h* and e~ trapping were relatively minor (Figure 12).

These findings are consistent with previous reports,
such as the study on rGO/ZnCo,0,4 nanocomposites, where
hydroxyl radicals were identified as the dominant reactive
species in CVD degradation [49]. Therefore, the degrada-
tion mechanism of CVD by the chitosan-PVA/Ag-CeO, com-
posite is controlled mainly by «OH and O,¢™ radicals, which
can be described as follows [3,18]:

ecg- + 02 — 0Oy 3)
hve® + H.O = «OH + H* (4)
CVD + <OH + «O,~ = CO2 + H20 + other product (5)

The end product of the photocatalytic reaction is a mol-
ecule that is less harmful or easier to remove than the orig-
inal pollutant [50].

Table 6 presents a comparison of degradation efficien-
cies obtained using various CeO,-based catalysts. It can be
observed that the chitosan-PVA/Ag-CeO, composite exhib-
its superior performance in CVD degradation compared to
the other reported catalysts.
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Figure 12 Active species scavengers in the degradation of CVD by
chitosan-PVA/Ag-CeO, composite.

Table 6 Comparison of degradation using CeO, catalysts.

. Degrada-
Materials Pollutans . Ref.
tion (%)
Ag/CeO, Methylene blue 92.21 (19)
Ag-Ce0,@5SnO0, Tetracycline 96 (46)
Ag-Ce0,@Sn0, Metronidazole 94 (46)
Ag/Zn-CeO, Methyl orange 85 (51)
CeO, Methylene blue 72.12 (52)
g-C;N,/CeO, Methylene blue 95.70 (52)
Ce0,/h-BN Methylene blue 93 (53)
Chitosan- . This
Crystal violet 96.37
PVA/Ag-CeO, study

Evidence of CVD mineralization was confirmed through
TOC analysis, which measures the remaining organic car-
bon content. Before degradation, the TOC value was
13.810 mg/L, which decreased to 2.174 mg/L after treat-
ment under optimal conditions (pH 8, initial CVD concen-
tration of 33 mg/L, and irradiation time of 145 min), corre-
sponding to an 84.26% reduction. This result strongly sup-
ports the effective photocatalytic mineralization of CVD by
the composite.

3.7. Antibacterial activity

To assess antibacterial performance, the chitosan-PVA/Ag-
CeO, composite was examined against representative Gram-
positive (S. aureus) and Gram-negative (E. coli) bacteria,
which are commonly encountered in environmental settings.
Amoxicillin was used as a positive control, while DMSO
served as a negative control. The inhibition zones obtained
are summarized in Table 7 and illustrated in Figure 13.

The results demonstrate that the inhibition of bacterial
growth increased with higher concentrations of the compo-
site. Although the inhibitory effect was lower compared to
the commercial antibiotic (amoxicillin), the composite still
exhibited a clear antibacterial effect. Silver ion (Ag™) re-
lease is considered the primary mechanism responsible for
the antibacterial activity.
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Figure 13 Bacterial zone of inhibitions of (a) S. aureus and (b) E. coli.

Table 77 Bacterial zone of inhibition of chitosan-PVA/Ag-CeO,
composite.

Zone of inhibitions (mm)

Concentration (pg/mkL)

S. aureus E. coli
(1) 1000 10.0 + 0.01 10.1 £ 0.02
(2) 2000 11.1 = 0.03 10.2 £ 0.04
(3) 3000 13.0 £ 0.02 12.4 + 0.06
(4) 4000 13.6 + 0.05 13.1 £ 0.03
(5) 5000 13.8 £ 0.02 14.8 + 0.04
(+) Amoxicillin 18.9 + 0.04 18.6 + 0.05
(-) DMSO 6.0 £ 0.01 6.0 £ 0.02

It can disrupt bacterial cell structures by binding to pro-
teins and DNA, as well as induce oxidative stress that ulti-
mately leads to cell death [54,55]. Furthermore, the incor-
poration of CeO, enhances antibacterial performance by
generating Reactive Oxygen Species (ROS), such as super-
oxide radicals (¢O,”) and hydroxyl radicals (¢OH), which
synergistically intensify bacterial cell damage [27].

4. Limitations

In this study, the chitosan-PVA/Ag-CeO, composite was
synthesized and applied for both CVD degradation and an-
tibacterial activity. The Ag-CeO, component was prepared
via a green synthesis approach using Morinda citrifolia L.
leaf extract. However, some limitations should be noted.
First, no variations in the composition ratio between Ag and
CeO, were explored, even though such variations are cru-
cial because CeO, plays a dominant role in catalytic activity.
Second, the optimization of variables using the RSM-CCD
method could be further expanded by considering addi-
tional factors, such as catalyst dosage, degradation temper-
ature, and radiation intensity, to obtain more comprehen-
sive and representative optimization results.

5. Conclusions

This study demonstrated the successful green synthesis of
Ag-CeO, using Morinda citrifolia L. leaf extract as a biore-
ductant, followed by incorporating chitosan and PVA to
form a chitosan-PVA/Ag-CeO, composite. The composite
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displayed a narrow band gap of approximately 2.12 eV,
which promoted photocatalytic activity under visible-light
irradiation. Application of the RSM-CCD approach yielded
an optimal degradation efficiency of 96.37% for Crystal Vi-
olet dye (CVD) at pH 8, an initial dye concentration of
33 mg/L, and an irradiation time of 145 min. The material
also showed excellent stability, with FTIR spectra revealing
no significant wavenumber shifts after degradation and
only a 5.02% decrease in efficiency after five cycles. The
photocatalytic process was primarily driven by hydroxyl
(*OH) and superoxide (O,+7) radicals. Beyond its photocata-
lytic performance, the composite displayed antibacterial
activity against S. aureus and E. coli, highlighting its dual
functionality as both a photocatalyst and antibacterial
agent. These findings suggest that the chitosan-PVA/Ag-
CeO, composite holds strong potential for practical applica-
tions in wastewater treatment, particularly for the removal
of organic dyes.
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