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- Highlights:
v A multifunctional Ag/CuO/FesO+/ACB photocatalyst was synthesized
via one-step carbonization of Brucea javanica seeds, with Ag (~25 nm),

CuO (~20 nm), and Fe;O4 (~10 nm) nanoparticles uniformly distributed
on a porous carbon matrix.

v" Under visible-light heterogeneous heterogeneous photo-Fenton-like-
like conditions it delivers 98.0% CV removal in 90 min at pH 7 with
0.05 M H20: (2 g L™ catalyst) and shows the highest rate among all
tested samples (k1 =0.0188 min™).

v' The catalyst is magnetically separable and reusable, retaining ~83%
efficiency after five cycles while preserving crystalline and chemical
integrity by XRD/FTIR.

- Abstract: The relentless release of organic dyes into water bodies has raised
critical environmental concerns, demanding the development of efficient, sustainable,
and reusable catalytic systems for wastewater treatment. In this study, we report the
synthesis of a multifunctional Ag/CuO/FesOs/activated carbon beads (ACB)
composite derived from natural Brucea javanica seeds through a one-step
carbonization method. The resulting composite combines the magnetic properties of
Fes;0a, the visible-light-responsive nature of CuO, and the surface plasmon resonance
of Ag, creating a robust catalyst capable of highly efficient heterogeneous
heterogeneous photo-Fenton-like-like degradation of crystal violet (CV) dye under
visible light. Under optimized conditions (pH 7, H202 0.05 M, catalyst dosage 2 g/L,
and Fe*":Cu*":Ag" ratio of 2:1:0.5), the Ag/CuO/FesO4/ACB composite achieved a
remarkable CV removal efficiency of 98% within 90 min. Even after five consecutive
reuse cycles, the composite retained a high degradation efficiency of 83%,
demonstrating excellent stability and reusability. Comprehensive structural analyses
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by XRD, FTIR, SEM, TEM, and VSM confirmed the successful formation and
stability of the composite. This work not only offers a simple, eco-friendly approach
to producing high-performance photocatalysts but also highlights the potential of
using agricultural by-products for sustainable environmental remediation. The
Ag/CuO/Fe;04/ACB composite is a promising candidate for large-scale wastewater
treatment and provides a strategic solution to combat organic dye pollution.

- Keywords: Heterogeneous catalyst, activated carbon beads, Brucea javanica,
crystal violet, heterogeneous photo-Fenton-like degradation

1. INTRODUCTION

Water pollution from organic dyes poses a significant environmental issue due
to their toxicity, persistence, and aesthetic impact on aquatic ecosystems. Dyes,
particularly those used in the textile and printing industries, can hinder photosynthesis
in aquatic ecosystems and pose serious health risks to humans and animals due to their
mutagenic and carcinogenic properties [1, 2]. Various methods have been developed
for dye removal, including biological treatments, membrane filtration, adsorption, and
advanced oxidation processes (AOPs) [3-6]. Among these, the Fenton process and its
modified form, the heterogeneous photo-Fenton-like process, have gained
considerable attention due to their high efficiency in generating hydroxyl radicals
(*OH) under light irradiation [7]. However, traditional Fenton systems suffer from
limitations, including difficulty in catalyst recovery, metal ion leakage, and the need
for acidic conditions [8].

In recent years, heterogeneous catalysts based on metal oxides such as FesOa,
CuO, and Ag have been explored to overcome these limitations [9, 10]. Magnetite
(FesO4) is widely used due to its magnetic properties, allowing easy recovery.
However, FesOs alone may exhibit limited catalytic performance. To enhance
efficiency, composite materials have been developed by combining Fe;O4 with other
metal oxides (CuO) and noble metals (Ag), which improve light absorption, charge
separation, and reusability [11-13]. Silver (Ag) offers plasmonic effects for enhanced
light absorption and antimicrobial properties, while CuO contributes to reactive
species generation.

Despite these advances, existing photocatalysts often require complex synthesis
methods, have limited stability, and face challenges in recovery. To address these
issues, we developed a one-step synthesized composite, Ag/CuO/Fes;Oas/activated
carbon beads (ACB), using natural seeds of Brucea javanica. This approach is
environmentally friendly, cost-effective, and simplifies the synthesis process. Brucea
Jjavanica seeds were chosen due to their natural porous structure, high carbon content,
and sustainability as an agricultural by-product. The one-step carbonization method
ensures strong adhesion of catalytic components to the carbon structure, enhancing
stability and reusability. The resulting composite benefits from the synergistic effects
ofits components: (i) Ag enhances visible light absorption and provides antimicrobial
activity; (ii) CuO generates reactive species for dye degradation; (iii) FesOa facilitates
magnetic recovery; and (iv) the carbon support increases adsorption capacity. This
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unique structure addresses the common issues of limited light absorption, catalyst
agglomeration, and difficult recovery.

In this study, the synthesized Ag/CuO/Fe;:O+4/ACB was applied for the
heterogeneous photo-Fenton-like degradation of crystal violet (CV), a widely used
and highly toxic dye. CV is challenging to degrade due to its complex aromatic
structure and strong light absorption properties [14, 15]. Our study focuses on
evaluating the composite’s efficiency in CV degradation, reusability, and the effects
of various operational parameters such as catalyst dosage, solution pH, and initial dye
concentration.

2. MATERIALS AND METHODS
2.1. Materials

The main chemicals used in this study include silver nitrate (AgNOs, > 99.8%), iron
(IIT) nitrate nonahydrate (Fe(NO:);.9H:0, > 98%), copper (II) nitrate trihydrate
(Cu(NOs)2.3H20, > 98%), hydrogen peroxide (H202, 30% w/v), and Crystal Violet
(C2sH3oNsCLxH20, > 95%)), all of which were purchased from Sigma-Aldrich (Singapore).
These chemicals were of analytical grade and used without further purification.
Additionally, other general laboratory chemicals and reagents were used as needed,
including ethanol (C:HsOH, > 99.9%), sodium hydroxide (NaOH, > 98%), hydrochloric
acid (HCI, 37% w/w) and deionized water. Brucea javanica seeds were collected from the
Da Nang region, Vietnam. The seeds were carefully washed with tap water to remove
surface impurities, manually separated from their outer shells, and dried at 60°C.

2.2. Synthesis of Ag/CuO/Fe304/ACB

The Ag/CuO/Fe;O+4/ACB composite was synthesized via a one-step carbonization
method. Precisely, 1.5 g of Fe(NOs):-9H20, 0.45 g of Cu(NOs)2-6H-0, and 0.16 g of
AgNO:; were weighed to achieve a fixed molar ratio of Fe*":Cu*":Ag" =2:1:0.5. These
metal salts were dissolved in 50 mL of deionized water under continuous stirring to
form a homogeneous solution. Subsequently, 5 g of pre-dried Brucea javanica seeds
were added to the solution, and the mixture was stirred continuously at 65°C for 24
hours to facilitate the impregnation of metal ions into the porous structure of the seeds.
After impregnation, the mixture was gently evaporated to near dryness at 65°C under
stirring to ensure maximum adsorption of metal salts onto the seed surface. The
resulting solid was then air-dried at room temperature to remove residual moisture.
The impregnated seeds were then placed in a covered ceramic crucible and subjected
to a thermal treatment at 500°C for 1 hour with a controlled heating ramp of 10°C/min
in a muftle furnace under a limited oxygen environment (carbonization). The resulting
composite material was subsequently washed sequentially with 50% ethanol
(C-HsOH) and deionized water to remove any residual impurities. The clean
composite was then oven-dried at 60°C overnight and stored in a sealed container for
further use. Control samples were also prepared by the same method with the same
mass ratio using only AgNOs, Fe(NOs);, Cu(NOs)2 or simultaneously Fe(NOs)s,
Cu(NOs)2. The products are denoted respectively as Ag/ACB, FesO./ACB,
CuO/ACB, and CuO/FesO4/ACB.
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2.3. Characterization methods

The structural, morphological, and compositional characteristics of the
Ag/CuO/FesO4/ACB composite were characterized using multiple analytical
techniques. X-ray diffraction (XRD) was performed on a Shimadzu XRD-6100
(Japan) with CuKa radiation (A= 1.5406 A) to identify the crystal phases. The surface
morphology and elemental composition were analyzed by field emission scanning
electron microscopy (FE-SEM) coupled with energy-dispersive X-ray spectroscopy
(EDX) using a Hitachi S-4800 (Japan). High-resolution transmission electron
microscopy (HR-TEM, JEM-2100, Japan) was employed to observe the internal
structure and distribution of metal nanoparticles. The functional groups present on the
composite surface were determined by Fourier Transform Infrared Spectroscopy
(FTIR) using a a Tensor 27 spectrometer (Bruker, Germany), with spectra recorded in
the range of 4000-400 cm™. The specific surface area and pore characteristics were
measured using the Brunauer-Emmett-Teller (BET) method on a NOVA 1200e
analyzer (Quantachrome, USA). Optical properties were assessed using UV-Vis
diffuse reflectance spectroscopy (UV-Vis DRS) on a Shimadzu UV-2401 PC (Japan).
Magnetic properties were investigated using a Vibrating Sample Magnetometer (VSM-
DMS 880, USA), providing information on the magnetic behavior of the composite.

2.4. Photocatalytic-Fenton degradation experiments

The photocatalytic degradation of CV was carried out using a custom-designed
photocatalytic system consisting of a 500 W halogen lamp (A > 420 nm), a light filter,
a mechanical stirrer, a thermostatic water bath, and a three-necked glass reactor to
ensure stable reaction conditions. A specified amount of the Ag/CuO/Fe;O+/ACB
composite was dispersed in 100 mL of CV solution with an initial concentration of 20
mg/L. All samples were kept in the dark for 60 min to allow for initial dye adsorption
assessment prior to visible-light irradiation. The reaction was initiated by turning on
the light source, and the CV concentration was monitored at its maximum absorbance
wavelength of 585 nm using a UV-Vis spectrophotometer (Cary 60, Agilent, USA).
The influence of various operational parameters on the degradation efficiency was
systematically studied. Specifically, the catalyst dosage was varied between 0.5 and 3
g/L, while the initial concentration of CV was adjusted between 15 and 30 mg/L. The
concentration of hydrogen peroxide (H202) was controlled in the range of 0.025 to 0.1
M, and the solution pH was adjusted between 3 and 9 using HCI or NaOH solutions.
The reaction temperature was maintained between 25 and 55°C using a thermostatic
water bath. These conditions were optimized to identify the most effective
degradation performance of the Ag/CuO/FesO4/ACB composite. At regular intervals,
2 mL aliquots of the reaction solution were withdrawn, immediately filtered to
separate the catalyst, and the residual CV concentration was measured. The removal
efficiency (R, %) and the apparent reaction rate constant (k) were calculated using the
following equations:

R=S5%100 (1)
Co
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Ln=t = —kt 2)

where C, (mg/L) is the initial concentration of CV, C; (mg/L) is the
concentration of CV at time t (min), and k (1/min) is the pseudo-first-order reaction
rate constant obtained from the slope of the linear plot of LnCy/C, versus t.

The reusability of the Ag/CuO/FesO4/ACB composite was also evaluated under
optimized conditions. Five consecutive degradation cycles were carried out; after each
cycle, the catalyst was magnetically separated, the supernatant decanted, and the
recovered solids were washed sequentially with distilled water and ethanol and then
dried at 60 °C for 12 h to obtain dried catalyst granules, which were gently
homogenized and reused in the subsequent cycle. Reusability was assessed by
comparing the degradation efficiency at a fixed reaction time across cycles. Structural
integrity and surface chemistry before and after reuse were examined by XRD and
FTIR, and overall stability was inferred from sustained removal efficiency together
with the preservation of the characteristic XRD/FTIR features.

3. RESULTS
3.1. Structural characterization (XRD)

The crystalline structure of the synthesized materials, including ACB,
Fe304/ACB, CuO/Fes04/ACB, and Ag/CuO/Fe3;04/ACB, was analyzed using XRD,
with the corresponding patterns shown in Fig. 1.
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Figure 1. XRD patterns of ACB, Fe;04/ACB, CuO/Fe304/ACB and
Ag/CuO/Fe;04/ACB

For the ACB sample, a distinct diffraction peak at 20 =~ 23.1° was observed, which
corresponds to the (002) plane of amorphous carbon, confirming the carbonaceous
nature of the material. Additionally, several diffraction peaks were identified at 29.4°,
35.9°, 39.4°, 43.2°, 47.5°, and 48.5°, which are attributed to the (104), (110), (113),
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(202), (024), (116), (211), and (122) planes of calcite (CaCOs) (PDF #05-0586) [16].
The Fe;sO4/ACB composite shows characteristic peaks at 20 values of 30.1°, 35.5°,
43.3°,57.6°, and 62.7°, corresponding to the (220), (311), (400), (511), and (440) crystal
planes of magnetite (FesO4) (JCPDS No. 19-0629) [17].

The XRD pattern of CuO/Fes04/ACB shows additional diffraction peaks at 20
values of 35.5° and 38.7°, indicating the monoclinic phase of CuO (PDF #48-1548)
[18]. This indicates that CuO is successfully formed and well-dispersed on the
Fes04/ACB composite. In the case of Ag/CuO/FesO4/ACB, new diffraction peaks
appear at 20 values of around 38.1°, 44.3°, 64.4°, and 77.3°, corresponding to the face-
centered cubic (FCC) structure of metallic silver (Ag) (PDF #04-0783) [19].

The gradual addition of CuO and Ag on the Fe;O4/ACB composite is evident from
the increased intensity of the corresponding peaks in the XRD patterns.

The FTIR spectra of ACB, Fes:O4/ACB, CuO/Fes0s/ACB, and
Ag/CuO/FesO4/ACB are presented in Fig. 2, revealing the functional groups present
on the surface of the synthesized materials.
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Figure 2. FTIR spectra of the synthesized samples

A sharp absorption band observed between 3730-3610 cm™ is assigned to the
stretching vibrations of isolated -OH groups on the surface of metal oxides or oxidized
carbon. The bands observed around 1456 and 1377 cm™ are attributed to the bending
vibrations of C-H bonds in methyl (-CHs) and methylene (-CH2) groups, indicating
the presence of organic carbon-based structures. Additionally, the peaks at ~2966,
~2939, and ~2850 cm™ are attributed to the asymmetric and symmetric C—H
stretching of -CHs and —CH.— groups in aliphatic chains [21]. A notable feature is the
appearance of a peak around 2723 cm™', particularly evident in the
Ag/CuO/Fe;04/ACB sample. The bands at 1303 and 1255 cm™ correspond to C-O
stretching and asymmetric C—O—C stretching vibrations, characteristic of ester and
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ether groups. Finally, the characteristic peak at 570 cm™ observed in the FesO+/ACB,
CuO/Fe;04/ACB, and Ag/CuO/Fes0+/ACB samples is assigned to the Fe-O stretching
vibrations, confirming the presence of magnetite (Fe:0a.) in the composite.
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Figure 3. FE-SEM image of ACB, Fe304/ACB, Ag/ACB, CuO/Fe304/ACB and
Ag/CuO/Fe;04/ACB

The surface morphology of the synthesized composites was studied using FE-
SEM, and the corresponding images are presented in Fig. 3. The FE-SEM image of
ACB reveals a relatively smooth surface with visible porous structures, characteristic
of carbonized biomass.

Upon the introduction of FesOa, the surface of the FesOs4/ACB composite
becomes significantly rougher, with numerous fine, spherical nanoparticles uniformly
distributed across the carbon matrix. These particles are attributed to FesOa, which is
effectively anchored on the ACB support. Further modification with CuO leads to a
dramatic change in morphology, as seen in the CuO/ACB and CuO/Fe;O+/ACB
samples. The surface becomes densely covered with clustered and agglomerated CuO
particles, creating a rough and textured appearance. The addition of silver further
transforms the surface morphology, as observed in the Ag/ACB and
Ag/CuO/Fe;04/ACB composites. Silver nanoparticles appear as bright, irregularly
shaped clusters distributed across the carbon surface. In the Ag/CuO/Fe;0+/ACB
composite, the SEM image reveals a complex multi-component structure where flake-
like CuO, spherical Fe;Oa, and clustered Ag coexist.

The morphology, elemental composition, and distribution of the
Ag/CuO/Fe;04/ACB composite were further characterized using TEM and EDX, as
shown in Fig. 4.
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Figure 4. TEM (a, b) and EDX analysis (c) of Ag/CuO/Fe;O4/ACB composite

The TEM images (Fig. 4a-b) reveal a heterogeneous distribution of nanoparticles
on the carbon matrix. In Fig. 4a, the low-magnification TEM image displays the overall
morphology of the composite, where metal nanoparticles appear as dark spots
distributed on the carbon surface. At higher magnification (Fig. 4b), the distinct
morphology of the three components is clearly visible: FesO4 appears as bright, spherical
nanoparticles (~10 nm), CuQ is observed as well-defined cubic particles (20 nm), and Ag
is present as bigger (25 nm), darker spherical particles. The elemental composition
of the composite was further validated by EDX analysis (Fig. 4c), which shows strong
signals for carbon (C), oxygen (O), iron (Fe), copper (Cu), and silver (Ag), consistent
with the expected composition of Ag/CuO/FesO+/ACB. The EDX analysis reveals that
the composite is predominantly composed of carbon (55.66%), along with oxygen
(15.82%)), iron (17.67%), copper (5.92%), and silver (4.93%).
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Ag/CuO/Fes04/ACB composites
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Table 1. Textural properties of ACB and metal-loaded ACB composites.

Sample SBET Pore volume* Pore diameter*
(m*/g) (cm’/g) (nm)
ACB 7.98 0.014 1.83
Fe304/ACB 2.51 0.005 1.32
CuO/Fe304/ACB 1.30 0.004 1.33
Ag/CuO/Fe;04/ACB 3.11 0.007 1.32

The textural properties of the synthesized samples were characterized by Na
adsorption-desorption isotherms and pore size distribution, as shown in Fig. 5. The
specific surface area (SBET), pore volume, and average pore diameter of the samples
are summarized in Table 1. The N2 adsorption-desorption isotherms (Fig. 5a-5d) of all
samples exhibit Type IV-like features with H3-type hysteresis loops, typically
associated with slit-shaped pores in non-rigid aggregates.

Upon loading with FesOs, the specific surface area of FesOs/ACB decreases
significantly to 2.51 m?/g, accompanied by a slight reduction in pore volume (0.005 cm?/g).

In the case of Ag/CuO/Fe;04/ACB, a slight increase in surface area (3.11 m?%g)
and pore volume (0.007 cm’/g) is observed compared to CuO/Fe;O+/ACB.
The optical and magnetic properties of the synthesized composites were characterized
by UV-Vis (DRS) and VSM, respectively, as shown in Fig. 6.
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Figure 6. (a) UV-Vis DRS and (b) magnetization curves of the synthesized samples

The UV-Vis DRS spectra (Fig. 6a) reveal that all samples exhibit absorption in
the visible region with slight variations in intensity. The magnetic properties of the
samples were evaluated using VSM, and the magnetization curves are presented in Fig.
6b. The FesO4/ACB composite exhibits a saturation magnetization (Ms) of 5.67 emu/g,
which is attributed to the presence of FesO4 nanoparticles. The addition of CuO in the
CuO/Fe;04/ACB composite reduces the Ms value to 4.03 emu/g, indicating that the
non-magnetic CuO dilutes the magnetic effect of Fe;Os. In contrast, the
Ag/CuO/Fe;04/ACB composite shows a further decrease in Ms to 2.75 emu/g, possibly
due to the increased presence of non-magnetic Ag, which reduces the overall magnetic
response of the material.
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3.2. Effect of operational parameters on catalytic performance

In this study, the effects of key operational parameters on the photocatalytic
degradation of CV using the Ag/CuO/FesO+/ACB composite were systematically
investigated, as shown in Fig. 7.
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Figure 7. Effect of operational parameters on the photocatalytic degradation of CV
using Ag/CuO/Fes04/ACB composite: (a) pH, (b) initial CV concentration, (¢) H20:
concentration, and (d) catalyst dosage.

The degradation efficiency of CV is significantly affected by the solution pH,
ranging from 3 to 9 (Fig. 7a). The highest removal efficiency is achieved at pH 7,
reaching approximately 98% within 90 min. The effect of CV dye concentration on its
initial degradation using the Ag/CuO/FesO4/ACB catalyst system was investigated, and
the results are presented in Fig. 7b. As shown, for initial CV concentrations ranging
from 15-25 ppm after 90 minutes of reaction, the CV removal efficiency all reached
> 97% and achieved a maximum value of 98.03% at a CV concentration of 20 ppm.
When the initial CV concentration was further increased to 30 ppm, the degradation
efficiency decreased significantly to 87.74%. The role of H-O: in the heterogeneous
photo-Fenton-like process is highlighted in Fig. 7c. The degradation efficiency
improves with increasing H20O: concentration from 0.025 M to 0.05 M, reaching a
maximum of approximately 98.03%. The catalyst dosage was varied between 0.5 g/L
to 3 g/L, and its influence on CV degradation is shown in Fig. 7d. The degradation
efficiency increases with higher catalyst dosage, reaching an optimum at 2 g/L.

3.3. Catalytic performance comparison and kinetic study

The catalytic performance of the synthesized materials was evaluated through the
photodegradation of CV under various conditions, as illustrated in Fig. 8.
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Figure 8. Catalytic performance of the synthesized materials in CV degradation: (a)
CV removal efficiency of different catalysts; (b) Comparison of degradation
efficiency of Ag/CuO/Fe;04/ACB under light and dark conditions; (c) Effect of
H:0: on the photodegradation of CV using Ag/CuO/Fe;04/ACB; (d) Pseudo-first-
order kinetic plots for the CV degradation process.

(Experimental condition: [CV] = 20mg/L, pH =7, T = 25°C, [H>0:] = 0.05 M).

Fig. 8a compares the CV removal efficiency of the synthesized materials,
including ACB, Ag/ACB, Fe;04/ACB, CuO/ACB, CuO/Fe;04/ACB, and
Ag/CuO/Fe;04/ACB.

Among these, the Ag/CuO/Fe;04/ACB composite demonstrates the highest
degradation efficiency, reaching 98% within 90 min under light irradiation.
In contrast, the ACB sample shows the lowest catalytic activity, achieving only around
70% CV removal. The Ag/ACB, Fe;04/ACB, and CuO/ACB samples show moderate
activities (73-88%), demonstrating the individual contributions of Ag, FesOa4, and CuO
in enhancing catalytic performance. The impact of light on the catalytic performance of
the Ag/CuO/FesO+/ACB composite was further investigated under light and dark
conditions, as shown in Fig. 8b. In the dark, the degradation efficiency is significantly
lower, achieving only around 36% CV removal after 160 min. Under light irradiation,
the degradation efficiency is dramatically enhanced, reaching approximately 53%
within the same period. Fig. 8c compares the degradation efficiency of
Ag/CuO/Fe;04/ACB with and without H2O-. Both systems were pre-equilibrated in the
dark for 60 minutes to achieve adsorption equilibrium, followed by light irradiation. In
the absence of H20-, the Ag/CuO/Fe;04/ACB composite exhibits limited catalytic
activity, achieving less than 50% CV removal. However, with the addition of H20: (0.05
M), the degradation efficiency significantly increases, reaching 98%.
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The kinetics of CV degradation were further analyzed using a pseudo-first-order
kinetic model, and the corresponding kinetic constants (ki) and correlation coefficients
(R?) are summarized in Table 2.

Table 2. Kinetic parameters of CV photodegradation using different catalysts

Sample ki (min™) R?
ACB 0.0061 0.964
Ag/ACB 0.0072 0.760
CuO/ACB 0.0079 0.979
Fe;0.s/ACB 0.0084 0.966
CuO/Fe;04/ACB 0.0124 0.959
Ag/CuO/Fe;04/ACB 0.0188 0.986

The Ag/CuO/Fe;O4/ACB composite exhibits the highest reaction rate constant
(ki =0.0188 min™!, R? = 0.986), significantly higher than those of other samples. The
catalytic performance of Ag/CuO/Fe;04+/ACB was further assessed by comparing its
efficiency in CV degradation with other reported photocatalysts under similar
conditions (Table 3). As shown, the degradation efficiency varied from 67% to 98.03%
depending on the catalyst type and reaction conditions. Notably, Ag/CuO/Fe;0+/ACB
achieved the highest CV removal efficiency (98.03% in 90 min), outperforming systems
such as HC-TiOz, Ag:MoO+/MIL-101(Fe)/Ag and ZnO-based materials.

Table 3. CV photodegradation with different catalysts in aqueous solution
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Experimental
conditons: Tvoe of Time
Catalyst [CV], catalyst ype . R (%) | Ref.
dosage, reaction (min)
[H202]
ZnO/Clay 50 mg/L; 0.5 . N
(ZnO/CNA) o/L; - Photocatalytic 120 92 [23]
Ag:MoO/MIL- 25 mglL; 2 I;Ei?%iﬂfggs 90 | ~97 | [15]
101(Fe)/Ag g/L; 50 mM o ke
TiO: (P-25) 15 rg/gL/L O-1 1 photocatalytic | 60 | ~67 | [24]
ZnO nanoparticles | ° Ogr‘/lf( L U1 Photocatalytic | 120 | ~70 | [25]
HC-TiO: 20 mg/L; 1 .
(hydrochar/TiO:) o/L: - Photocatalytic 90 77 [26]
Ag/CuO/Fe:0/AC | 20mg/L;2 | Lieterogencous This
i photo-Fenton- 90 98.03
B g/L; 50 mM . study
like
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3.4. Reusability of Ag/CuO/Fe;04/ACB composite

The reusability of the Ag/CuO/Fe;0s/ACB composite was evaluated over five
consecutive degradation cycles of CV, and the results are shown in Fig. 9. The initial

removal efficiency of 98% gradually decreases with repeated use, reaching
approximately 83% after five cycles (Fig. 9a).
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Figure 9. Reusability and stability of the Ag/CuO/Fe;04/ACB composite: (a)
catalytic performance over five consecutive cycles of CV degradation; (b) XRD
patterns before and after reuse; (c) FTIR spectra before and after reuse

The structural stability of the composite was further assessed using XRD
(Fig. 9b) and FTIR (Fig. 9¢) analyses before and after reuse. The XRD patterns (Fig.
9b) show that the main diffraction peaks corresponding to FesO4, CuO, and Ag remain
identifiable after five cycles, indicating the retention of the primary crystalline phases.
However, noticeable broadening of the peaks, especially in the 26 < 30° region, was
observed after reuse. Although a slight decrease in the intensity of characteristic
functional groups is observed, indicating minor surface modification, the main
functional groups remain intact.

4. DISCUSSION
4.1. Crystal structure and surface functional groups (XRD/FTIR)

The presence of calcite is likely due to the natural mineral content of the Brucea
Jjavanica seeds, which remains stable even after carbonization. The characteristic
Fes;0a reflections confirms the successful formation of magnetic Fe;O4 nanoparticles
on the activated carbon support. The appearance of CuO-specific peaks indicates that
CuO is successfully formed and well-dispersed on the Fes;O4/ACB composite. The
presence of Ag-related peaks peaks confirms the successful formation of silver
nanoparticles in the composite. The combination of Ag, CuO, and Fes;Os is clearly
observed in this composite, indicating a successful synthesis of the
Ag/CuO/Fes04/ACB composite.

The absence of any other impurity peaks suggests high purity and successful
synthesis of the composite materials. These FTIR peaks are typically associated with
non-hydrogen-bonded hydroxyls [20]. The pronounced band at 1747 cm™
corresponds to the C=0 stretching vibrations of carbonyl groups, likely derived from
ester or ketone functionalities formed during the carbonization process. These FTIR
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bands are consistent across all samples, confirming the carbonaceous nature of the
ACB substrate.

A distinct absorption peak around 3197 cm™ is associated with the stretching
vibrations of N-H groups, suggesting the retention of nitrogen-containing organic
residues from the natural precursor (Brucea javanica seeds). These spectroscopic
features confirm the presence of residual alkyl functionalities within the ACB matrix
and its metal-loaded composites. The ~2723 cm™ peak can be attributed to the
stretching vibration of thiol (-SH) groups, indicating possible interactions between
thiol groups and metallic nanoparticles (Ag), which may enhance the catalyst’s
stability and performance. These functional groups are typically associated with the
organic matrix derived from the natural precursor. The region between 1166 and 1099
cm' further confirms the presence of C-O-C linkages, which are indicative of
polysaccharide or ether structures, consistent with the organic carbon backbone of
ACB. Distinct absorption peaks at 997 and 972 cm™, particularly noticeable in the
Ag/CuO/FesO4/ACB sample, are attributed to C=C bending vibrations, suggesting the
existence of aromatic structures. These aromatic-related peaks may be enhanced by
the surface plasmon resonance (SPR) effect of Ag nanoparticles, which can amplify
the infrared absorption signals. This peak is a clear indicator of the successful
incorporation of Fe;O4 into the composite structure.

This FTIR analysis confirms the successful synthesis of the composite
materials, with each functional group providing insights into the chemical interactions
between the carbonaceous substrate, metal oxides, and metallic silver.

4.2. Morphological and elemental analysis (SEM, EDX, TEM)

These biomorphic pores, inherited from the natural structure of Brucea javanica
seeds, provide a high surface area, which is favorable for the subsequent loading of
metal oxides. The homogeneous distribution of these magnetic nanoparticles suggests
efficient impregnation and in-situ formation during the carbonization process, which
is crucial for achieving magnetic properties. The observed aggregation is
characteristic of CuO, which tends to form granular or flower-like structures.

In the CuO/Fe;O4/ACB composite, the coexistence of spherical FesO4 and
granular CuO particles is clearly visible, indicating the successful integration of both
metal oxides. This heterostructure is expected to enhance catalytic performance by
combining the magnetic properties of FesOs with the active sites of CuO.
This unique morphology, characterized by a combination of rough and heterogeneous
features, is indicative of successful multi-metal loading. Such a structure is
advantageous for photocatalysis, as it provides a high density of active sites and
facilitates the interaction between Ag, CuO, and Fe:O.. The distinct contrast and
morphology observed in the TEM images suggest the presence of Fe;Os, CuO, and
Ag phases with differentiable shapes or sizes, likely due to their intrinsic structural
features. Overall, the images support the successful co-loading of these phases onto
the carbon matrix with retained structural integrity.
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Based on the EDX wvalues, the estimated molar ratio of Fe:Cu:Ag is
approximately 3.5:1:0.5, which is in reasonable agreement with the intended synthesis
ratio of 2:1:0.5. The deviations may arise due to several factors, such as the surface-
sensitive nature of EDX analysis, potential preferential deposition, or enrichment of
metal species at the surface, and partial loss or redistribution of elements during high-
temperature carbonization. The corresponding element mapping images further
confirm the homogeneous distribution of Fe, Cu, and Ag on the carbon matrix,
supporting the successful incorporation of all three active components into the
composite structure.

4.3. Surface area, porosity analysis, optical and magnetic properties

Although these H3-type hysteresis loops are commonly observed in mesoporous
materials, the measured pore diameters (1.3-1.8 nm) indicate that the composites are
predominantly microporous, based on I[UPAC classification. This apparent mismatch
may result from narrow slit-like pores or surface heterogeneity in the carbon matrix,
which can produce H3-type hysteresis even in microporous structures. Among them,
ACB shows the highest specific surface area (7.98 m?/g) and the largest pore volume
(0.014 cm3/g), which can be attributed to the porous carbon structure derived from
Brucea javanica seeds.

The pore size distribution (Fig. Se-5h) further confirms the dominance of
mesopores in ACB. This decline in surface area and pore volume is attributed to the
partial blockage of the carbon pores by the FesOs nanoparticles. The average pore
diameter also decreases to 1.32 nm, indicating the formation of Fe;Oa particles within
the mesopores of ACB. The CuO/FesO+/ACB composite shows a further reduction in
specific surface area (1.30 m?*/g) and pore volume (0.004 cm?®/g), suggesting that the
loading of CuO further blocks the porous structure.

However, the average pore diameter remains relatively constant (1.33 nm),
indicating that CuO primarily occupies the existing mesopores rather than forming
new pore structures. This slight increase in surface area may be associated with the
presence of Ag nanoparticles, which could influence the surface texture or local
porosity. Although all metal components were co-loaded during the one-step
carbonization, the addition of Ag may help preserve certain surface features or reduce
pore collapse, thereby contributing to a marginal increase in SBET without
significantly affecting the average pore diameter. The ACB sample shows minimal
absorption, consistent with its carbonaceous nature. FesO+/ACB displays a broader
absorption profile, typical of FesO4 as a narrow band gap semiconductor. The addition
of CuO enhances light absorption modestly, and a further increase is observed in the
Ag/CuO/FesO+/ACB composite, which may be attributed to the surface plasmon
resonance (SPR) effect of Ag nanoparticles. Although the absolute differences in
absorbance values are relatively small, the trend suggests a gradual improvement in
visible light responsiveness upon metal incorporation.

As expected, ACB is non-magnetic, showing no detectable magnetic response.
The moderate magnetization values of these composites, especially for
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Ag/CuO/FesO4/ACB, are sufficient for magnetic recovery under an external magnetic
field. This magnetic-separation feature is essential for the reusability of the catalyst,
allowing for efficient separation from the reaction medium after use without requiring
complex filtration or centrifugation.

4.4. Effects of reaction conditions

The optimization of operational parameters is a critical aspect in enhancing the
performance of photocatalytic systems, particularly in Fenton-based processes where
multiple factors simultaneously influence the generation of ROS, electron transfer
efficiency, and interaction between the catalyst and pollutants. At pH 7, the
heterogeneous photo-Fenton-like process is optimized due to efficient Fe**/Fe** redox
cycling on the surface of FesOs nanoparticles, which promotes the continuous
generation of hydroxyl radicals. Although Fe*" can hydrolyze to form Fe(OH); at
lower pH, the leached Fe*" concentration from solid FesO4 in our system is minimal,
and the redox activity primarily occurs at the catalyst surface. Thus, no significant
precipitation interferes with the process at pH 7. At pH 5, the degradation performance
is moderate but lower than at neutral pH, possibly due to suboptimal balance between
H* availability and redox efficiency. At pH 3, excess H* competes with Fe?,
suppressing *OH generation, while at pH 9, Fe(OH)s precipitation and insufficient H*
both hinder the Fenton reaction.

Overall, the results indicate that neutral pH is the most favorable condition for
the heterogeneous photo-Fenton-like degradation of CV using Ag/CuO/Fe;O4/ACB.
This phenomenon can be explained as follows: At low CV concentrations (15-25
ppm), CV molecules are easily adsorbed and make good contact with the active sites
on the catalyst surface, enhancing the degradation capability through *OH oxidizing
radicals generated on the material surface.

Conversely, at CV concentrations higher than 25 ppm, the treatment efficiency
decreases significantly because the number of CV molecules exceeds the adsorption
capacity of the catalyst, causing saturation of the catalyst surface. Additionally, excess
CV molecules may compete for or cover the active centers on the Ag/CuO/Fe;0./ACB
surface, limiting the formation and contact capability of oxidizing radicals (*OH) with
CV molecules. Therefore, to optimize the CV treatment process using
Ag/CuO/Fes04/ACB material, the initial CV concentration should be selected at 20
ppm, ensuring the highest treatment efficiency. At higher H.O: concentrations (0.075
M and 0.1 M), the degradation efficiency remains nearly unchanged (~97.9-98%),
suggesting a saturation point rather than a real decrease. Although excessive H20: can
theoretically act as a *OH scavenger [22], this effect is not significant under our
experimental conditions. Thus, 0.05 M Hz0:- is considered the optimal concentration,
balancing reagent usage and performance. This optimal performance is because an
increased catalyst dosage provides more active sites for ROS generation and dye
adsorption. However, a further increase to 3 g/L results in a slight decline in
efficiency, likely due to particle aggregation, which reduces the available active
surface area and increases light scattering, thus limiting photocatalytic activity.
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4.5. Catalytic performance

The superior performance in CV photodegradation - 98% removal within 90
min at pH 7 with 0.05 M H:O: under illumination, outperforming ACB, Ag/ACB,
Fe;04/ACB, and CuO/ACB is attributed to the synergistic effects of Ag, CuO, and
Fe;0s. The Ag nanoparticles enhance light absorption through SPR, while CuO
provides active sites for reactive oxygen species (ROS) generation, and FesOa
facilitates efficient electron transfer and magnetic recovery. This result for ACB is
expected since ACB lacks active metal components and primarily relies on its limited
adsorption capacity.

The limited activity under dark conditions is mainly due to the adsorption of CV
onto the catalyst surface and the slow Fenton-like reaction. The improvement under
illumination is attributed to the activation of the heterogeneous photo-Fenton-like
process, where light energy promotes the generation of reactive oxygen species (*OH)
through the combined effect of CuO, Ag, and FesOs. The Ag nanoparticles, in
particular, enhance light absorption due to their SPR effect, while CuO and Fe;Oa
serve as active centers for *OH production. This lower efficiency without H.O: is
because the primary degradation pathway is restricted to photolysis and photo-
catalysis. H202 serves as a source of *OH radicals in the presence of the metal oxides,
particularly FesOas, which facilitates the decomposition of H-O- through a Fenton-
like reaction.

The combination of light and H2O. thus maximizes the generation of ROS,
leading to efficient CV degradation. The linear plots of -In(C/Co) versus time (Fig.
8d) confirm that the degradation process follows first-order kinetics. The improved
kinetic performance of Ag/CuO/Fe;O+/ACB is attributed to the synergistic
interactions among Ag, CuO, and Fes;O4, which collectively enhance light absorption,
ROS generation, and electron transfer. This composite effectively combines the
advantages of each component, resulting in superior photocatalytic activity.
This excellent performance is attributed to the synergistic effect of Ag, CuO, and
Fe;Os in the heterogeneous photo-Fenton-like process, which enhances light
absorption, reactive oxygen species generation, and catalyst recovery. These results
underline the strong catalytic activity and application potential of
Ag/CuO/FesO4/ACB for dye-contaminated wastewater treatment.

4.6. Proposed heterogeneous photo-Fenton mechanism for CV degradation

Under visible-light irradiation, decolorization is markedly accelerated in the
presence of H20:, whereas it remains limited without the oxidant; in the dark, the
process is negligible. The Ag/CuO/Fe;:0+@ACB composite also affords the largest
pseudo-first-order rate constant among the tested materials. Optical characterization
reveals an enhanced visible response attributable to Ag plasmonic effects, while
structural/morphological analyses confirm the coexistence and intimate contact of Ag,
CuO and FesO4 nanoparticles anchored on the carbon matrix. Taken together, these
observations are consistent with a plasmon-assisted heterogeneous photo-Fenton
pathway operating near neutral pH: CuO generates electron-hole pairs under visible

Journal of Tropical Science and Engineering, Vol. 39, 09 - 2025 43



Scientific and Technological Research

light; Ag acts as an electron sink (Schottky/LSPR), suppressing recombination and
supplying hot electrons; FesOa catalyzes the interfacial Fe*"/Fe** cycle to activate
H20:2; and the ACB matrix enriches CV near active sites and facilitates interfacial
charge transfer.

A possible degradation mechanism is proposed, as described by eqn (3)—(11):

Ag/CuO/FesO4@ACB + hv (1> 420 nm) — hys™ +ecs 3)
ecB” — Cag “4)
Fe** + eag — Fe** 5)
Fe** + H,0, — Fe’" + "OH + OH- 6)
Fe™ + Hy0p — Fe + "OoH + H'; "OH = H' + 05" 7
eag + H202 — "OH + OH" (8)
02+ eag — 01 9)
hys + H20 — "OH + H* (10)
CV + ("OH/ "0z /h*) — degradation products (11)

4.7. Stability and reusability

The slight reduction in catalytic activity after multiple cycles can be attributed
to several interconnected factors. These include the partial deactivation of active sites
due to prolonged exposure to oxidative conditions, as well as the agglomeration of
metal nanoparticles, which reduces the available surface area for photocatalytic
reactions. Additionally, the gradual leaching of metal ions-particularly Ag* and Cu*
- into the reaction medium during operation and washing steps may diminish the
concentration of active components. Furthermore, surface fouling caused by the
accumulation of dye degradation intermediates or byproducts may block active sites
and hinder mass transfer, contributing to the observed decline in performance. This
peak broadening may suggest a decrease in crystallite size. The reduction in crystallite
size could be attributed to surface erosion caused by ROS generated during the
heterogeneous photo-Fenton-like process, localized thermal or mechanical stress
under light irradiation, or partial leaching and reprecipitation of metal ions in smaller
crystalline domains.

The FTIR spectra (Fig. 9c) further confirm the chemical stability of the
composite. The retention of the characteristic peaks for hydroxyl (-OH), carbonyl
(C=0), and metal-oxygen bonds suggests that the carbon matrix and metal oxides are
chemically stable. These results demonstrate that the Ag/CuO/FesO4/ACB composite
maintains good catalytic activity and structural stability over multiple cycles, making
it a promising candidate for practical applications in wastewater treatment.
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5. CONCLUSION

In this study, a multifunctional Ag/CuO/Fe;0+/ACB composite was
successfully synthesized using a one-step carbonization method from natural Brucea
javanica seeds. The composite demonstrated excellent photocatalytic activity for the
degradation of CV under visible light irradiation. The Ag/CuO/Fe;04/ACB composite
exhibited a well-defined hierarchical structure, with Ag, CuO, and FesOq
nanoparticles (10-25 nm) uniformly distributed on the porous carbon matrix. This
unique architecture enhanced light absorption, charge separation, and reactive oxygen
species generation, resulting in superior catalytic performance. The heterogeneous
photo-Fenton-like degradation of CV was most efficient at pH 7, with an optimal H20-
concentration of 0.05 M, and catalyst dosage of 2 g/L. Under these conditions, the
Ag/CuO/FesO4/ACB composite achieved a CV removal efficiency of 98% within 90
min. The Ag/CuO/Fe;O4/ACB composite maintained high catalytic activity, with a
CV removal efficiency of 83% after five consecutive reuse cycles. XRD and FTIR
analyses confirmed that the composite retained its crystalline structure and chemical
integrity after repeated use. This study lays a solid foundation for developing efficient,
reusable, and environmentally friendly photocatalysts for wastewater treatment.
Future work will focus on optimizing the composite structure for enhanced activity
and exploring its applicability to other organic pollutants. In particular, testing the
Ag/CuO/Fe;04/ACB composite against a broader range of emerging contaminants
such as antibiotics, pesticides, and industrial dyes will provide further insight into its
versatility. Additionally, evaluating the catalyst performance in real wastewater
matrices and continuous-flow systems is essential for assessing its practical potential
in large-scale applications.
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