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Abstract

ZnO's photocatalytic properties make it a widely used semiconductor, while bio-activated
carbon (BAC) from agricultural waste is emerging as a sustainable and cost-effective
photocatalyst substrate. This study explores the preparation and characterization of a nano
ZnO/BAC composite from coffee husks for efficient degradation of Rhodamine B (RhB)
under simulated sunlight. BAC was produced by carbonizing coffee husks at 900°C in argon
and activating with HCI. ZnO nanoparticles (20—100 nm) were deposited on BAC, confirmed
by SEM images. UV-Vis DRS analysis indicated strong ZnO absorption below 400 nm,
enhancing photocatalytic performance. RhB degradation followed pseudo-first-order kinetics
(ki = 0.0206 min?, Rz = 0.9894), achieving 91.46% removal in 120 minutes, particularly
rapid in the first 40 minutes. The composite showed good reusability, retaining over 88%
efficiency after seven cycles. These results highlight ZnO/BAC as a promising sustainable
photocatalyst for dye removal in wastewater treatment.
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1. Introduction

The increasing pollution of aquatic systems with organic dyes from the textile,
pharmaceutical, and cosmetic industries poses a significant environmental and health
challenge. Among these contaminants, fluorescent dyes-widely used for coloring,
labeling, and fluorescence-based applications-are of particular concern due to their
chemical stability and resistance to biodegradation [1]. Once discharged into aquatic
environments, these dyes significantly reduce light penetration, disturb photosynthetic
processes in aquatic plants, and lower dissolved oxygen levels, leading to ecological
imbalance [2]. Moreover, many fluorescent dyes and their degradation products exhibit
carcinogenic, mutagenic, or teratogenic effects, posing long-term health risks to both
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aquatic organisms and humans through bioaccumulation and contaminated water sources
[2], [3]. These adverse effects highlight the urgent need for sustainable and efficient dye
removal strategies to minimize environmental toxicity and protect ecosystem and human
health. To address this issue, it is essential to develop effective and sustainable methods
for removing these dyes. Various methods have been developed to effectively remove
these dyes, including adsorption [4], coagulation and flocculation [5], oxidation processes
[6], biodegradation [7], membrane filtration [8], and electrochemical techniques [9].
Advanced oxidation processes (AOPs) have emerged as a promising solution, leveraging
photocatalysis to break down organic contaminants into harmless byproducts. Khan et
al. [10] optimized AOP parameters for treating Red CI-5B (300 mg/L) and found
H2.0,/UV to be the most effective, achieving nearly 100% decolorization rapidly.
Gholizade et al. [11] assessed the efficacy of UV-LED/chlorine in the elimination of
Reactive Blue 19 (pH = 5, [chlorine] = 300 uM, and [RB19] = 20 mg/L), attaining over
99% clearance within
30 minutes under conditions that present hydroxyl radicals (*OH) with UV-LED. Khalaf
et al. [12] studied the UV/H20, treatment of the textile dye Cibacron Red FN-R in
wastewater, achieving a dye removal rate of up to 99.43% and a chemical oxygen demand
(COD) reduction of 62.5% under optimal conditions.

Zinc oxide (ZnO) is a widely recognized semiconductor known for its excellent
photocatalytic properties. It is commonly used as a photocatalyst for removing dyes from
wastewater due to its high photocatalytic activity, strong oxidation potential, and capacity
to generate reactive oxygen species when exposed to UV light. ZnO effectively degrades
various organic dyes through advanced oxidation processes, converting them into
harmless byproducts [13]. Lal et al. [14] synthesized ZnO nanoparticles using
sol-gel ultrasonic hydrothermal methods, achieving 95% degradation of Rhodamine B
(25 mg/L) under optimized conditions (pH = 7; 2 g/L ZnO, and 70 minutes of UV
treatment). However, its efficiency can be affected by factors such as pH, dye
concentration, light intensity, and electron-hole recombination. To improve its
photocatalytic performance, ZnO can be combined with suitable support materials that
help stabilize the catalyst while enhancing adsorption and charge separation [15], [16].
Hoang et al. [17] synthesized ZnO-decorated graphitic carbon nitride (ZCN) from
Garcinia mangostana extract, achieving 99.16% methylene blue degradation under visible
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light, along with strong reusability and potential environmental applications. Ramanathan
et al. [18] developed a ZnO-based photocatalyst from medical waste carbon (MWC) for
degrading persulfate-activated CV dye, achieving 94.4% efficiency, high reusability, and
producing non-toxic byproducts. Lin et al. [19] fabricated ZnO-graphene oxide (GO)
nanocomposites via precipitation, attaining a photodegradation efficiency of 97.6%
attributed to improved electron transport and photocatalytic efficacy. Quy et al.
investigated a sonochemically synthesized chitosan—ZnO/Fe304 nanocomposite, attaining
99.49% degradation of methylene orange (MO) and 90.73% degradation of Rhodamine B
(RhB) under visible light.

Bio-activated carbon (BAC) derived from agricultural waste has recently gained
attention as an environmentally sustainable and cost-effective substrate for photocatalysts
[20]-[22]. Vinayagam et al. synthesized ZnO/WBAC (waste biomass activated carbon)
nanocomposites via hydrothermal methods and tested them for photocatalytic
degradation of Orange G dye at an optimal dosage of 1 g/L [23]. Alghamdi et al.
developed a biowaste activated carbon from pistachio shells (AC) for photocatalytic
degradation of the toxic azo dye Reactive Red 120 (RR 120) and ofloxacin (OFL) under
UV-A light [24]. Bio-activated carbon derived from coffee husk is gaining popularity. Its
elevated carbon content and varied surface chemistry render it effective for dye
elimination, and heavy metal adsorption [25]-[28]. Previous studies have demonstrated
that activated carbon produced from robusta coffee husks exhibits high surface area,
porosity, and adsorption capacity, effectively removing dyes, turbidity, metals, and other
pollutants from water. These properties highlight the potential of robusta coffee husk as
a practical and sustainable precursor for BAC production in wastewater treatment
applications [29]-[31]. The use of coffee husk in activated carbon production mitigates
waste disposal challenges and provides a cost-efficient substitute for conventional carbon
sources. Among various agricultural precursors, Robusta coffee husk stands out due to its
abundant availability as an agro-industrial byproduct in coffee-producing countries such
as Vietnam and its excellent adsorption characteristics, which originate from its high
lignocellulosic composition, rich carbon content, and surface functional groups [32], [33].
This makes it a particularly attractive and sustainable feedstock for producing BAC on a
large scale. Robusta coffee husk, a plentiful byproduct of coffee production, is a
promising precursor for BAC. Activated carbon made from coffee husks features a highly
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porous structure, a large surface area, and functional groups that efficiently adsorb
organic contaminants and promote the dispersion of nanoparticles. Using this agricultural
waste for BAC synthesis helps address environmental concerns related to waste disposal
and supports the development of sustainable materials for water treatment applications.
The combination of ZnO with BAC produced from robusta coffee husk is expected to
synergistically enhance both the adsorption capacity of carbon and the photocatalytic
effectiveness of ZnO, resulting in a highly efficient system for degrading dyes under
simulated sunlight. Utilizing robusta coffee husk as a precursor for bio-activated carbon
is an innovative approach, especially considering its limited exploration in photocatalysis.
The integration of nano ZnO with BAC creates a dual-functionality system that enhances
pollutant degradation through both adsorption and photocatalysis. Moreover, previous
studies have indicated that ZnO/BAC composites exhibit notable stability and durability
under various environmental conditions, maintaining relatively high photocatalytic
activity across a wide pH range and under prolonged sunlight exposure. The strong
interfacial interaction between ZnO nanoparticles and the carbon matrix has been reported
to minimize photocorrosion and nanoparticle leaching, thereby supporting consistent
performance [34], [35]. Additionally, the material has demonstrated the ability to retain
significant degradation efficiency after multiple reuse cycles, suggesting its potential for
long-term sustainability and practical applicability in wastewater treatment under realistic
environmental conditions [36]. Several investigations have also shown that the ZnO/BAC
system maintains structural integrity and photocatalytic performance even under variable
temperature, ionic strength, and pollutant concentration conditions, which are typically
encountered in industrial wastewater [36]. This enhanced stability is attributed to the
protective carbon layer that suppresses ZnO photocorrosion and facilitates efficient
charge separation, thereby extending catalyst lifespan and reducing secondary pollution
risks [34]. Furthermore, its resistance to performance loss after multiple irradiation cycles
suggests that the ZnO/BAC composite could be feasibly regenerated and reused in
continuous or semi-continuous photocatalytic systems, supporting its long-term
sustainability in real-world applications [37]. Although ZnO-based photocatalysts have
been extensively studied, their combination with bio-derived carbon improves adsorption
and charge separation, thereby increasing overall efficiency.

2. Methodology
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Zinc chloride (ZnCl,, 98%) and sodium hydroxide (NaOH, 96%) were purchased
from Shanghai Macklin Biochemical Technology Co., Ltd., China. Rhodamine B
(C2sH31CIN203, 98%), nitric acid (HNOs, 65%), sulfuric acid (H2SOs, 98%), ethanol
(C2Hs0H, 99.9%) and fuming hydrochloric acid (HCI, 37%) were obtained from Merck,
Germany. Robusta coffee husks were collected from the Central Highlands region of
Vietnam, and Syzygium nervosum leaves were harvested locally from natural sources in
the mountainous regions of Northern Vietnam, ensuring fresh and high-quality plant
material for the green synthesis process.

2.1. Bio-activated carbon preparation

Robusta coffee husks from Dak Lak, Vietnam, undergo a process of washing and
sun-drying after the beans are separated. The cleaned coffee husks are then soaked in
various acid solutions and heated in argon gas at 900°C for one hour. The gas flow rate
during this process is set at 100 sccm, and the heating rate is maintained at 10°C per
minute. This study examines hydrochloric acid (HCI), nitric acid (HNO3), sulfuric acid
(H2S04), and phosphoric acid (HsPOs), focusing on their concentrations and the effects
of different soaking durations to understand their chemical interactions. The surface
characteristics of the bio-activated carbon — such as surface area, pore diameter, and pore
volume — along with its density, are critical factors in evaluating the effectiveness of the
acid activation process.

2.2. Preparation of Syzygium nervosum leaf extract

The fresh Syzygium nervosum was dried by dehumidifiers for 72 hours. Using
ultrasonic diffusion, 50 g of dried Syzygium nervosum was dispersed in 1 liter of ethanol
and distilled water (30:70 V/V) for one hour. The polyphenols were extracted at 60°C for
2 hours. The Syzygium nervosum extract was collected by vacuum filtration.

2.3. Synthesis of ZnO/BAC composite

Disperse 0.1 g of AC in 100 mL of 0.05 M ZnCl; and sonicate for 30 minutes.
Incrementally include a blend of 50 mL of Syzygium nervosum leaf extract and 2 mL of
10 M NaOH into the solution. Elevate the temperature of the mixture to 80°C for
2 hours. After heating, filter the solution and thoroughly wash the precipitate many times
with water. Subsequently, calcine the precipitate under anaerobic circumstances at
different temperatures for 4 hours. Surface morphology was examined using a Hitachi
S-4600 SEM. UV-Vis reflectance spectra were recorded with a Jasco V-750
spectrophotometer to assess light reflection.
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2.4. RhB removal with ZnO/BAC photocatalyst

Nano ZnO/BAC composite was exposed to 20 mL of RhB solution in a transparent
glass tube for each experimental trial. The dosage of nano ZnO/BAC composite examined
were 0.025, 0.05, 0.075, 1.0, 1.25, and 1.5 g/L. The concentration of the RhB solution
varied between 1 and 5 mg/L. The adsorption process occurred in the dark for 120
minutes. Subsequently, the glass tubes were placed into a lighting cabinet where a 350 W
Xenon lamp provided illumination under conditions of air circulation. The lamp emitted
a continuous spectrum covering the range of 300-800 nm. The photocatalytic reaction
was carried out for 120 minutes (2 hours) under illumination. After a predetermined
duration, the RhB solution was removed from the mixture, and its concentration was
measured using UV-Vis photometry with a UV-Vis DV-8200 device (Drawell). The
equation used to determine the RhB concentration is as follows:

C =5.5668x Abs —0.09263 (R* = 0.9993)

where C represents the concentration of the RhB solution in mg/L, and Abs denotes the
light absorption intensity at A = 552 nm.

The efficiency of RhB degradation utilizing nano ZnO/BAC composite is
determined through the subsequent formula:

H (%) = Co=CI 1009 (1)
Co
The kinetics of Rhodamine B (RhB) degradation using nano ZnO/BAC composite:

The first-order and second-order kinetic models were used to analyze experimental
data to determine the photodegradation rate constant [38]:

C
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Co and Ct (mg/L) denote the concentrations of RhB at the initial and t times, respectively;
ki (min) signifies the pseudo-first-order rate constant, while k2 (g/mg-min) represents
the pseudo-second-order rate constant.

In the Kinetic study, the chosen initial concentration of RhB was 2 mg/L, while the
dose of the nano ZnO/BAC combination employed was 1 g/L.
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3. Results
3.1. Effect of Zn?*:BAC ratio and calcination temperature on RhB photodegradation

Figure 1 presents two graphs that examine the influence of the Zn?*:BAC ratio and
the calcination temperature on the efficacy of Rhodamine B (RhB) photodegradation
utilizing ZnO/BAC. The efficacy of RhB photodegradation first rises, reaching a zenith
at a Zn?*:BAC ratio of 5/0.2 mmol/g, resulting in an efficiency of 91.46%. Nonetheless,
as the Zn**:BAC ratio exceeds 5/0.2, the degradation efficiency markedly diminishes,
ultimately falling to around 50% at a ratio of 5/0.5 mmol/g. This pattern suggests that an
ideal Zn?*:BAC ratio is crucial for optimizing photodegradation. At low Zn?*:BAC ratios,
there may be inadequate ZnO to generate reactive species. Conversely, elevated
Zn?":BAC ratios may result in excessive ZnO, causing agglomeration that diminishes the
active surface area and light absorption. The effectiveness of RhB photodegradation
increases with temperature, reaching its maximum at 400°C. Above 400°C, the degrading
efficiency progressively diminishes, reaching its nadir at 700°C. This indicates that the
calcination temperature considerably influences the structure and surface characteristics
of ZnO. Reduced temperatures may cause inadequate crystallization of ZnO, whereas
overly elevated temperatures might pyrolyze BAC and diminish surface area, thus
impairing photocatalytic efficacy [39]. The ideal Zn*:BAC ratio for RhB
photodegradation is 5/0.2 mmol/g, with an appropriate calcination temperature of 400°C.

|@ - |®) .

w0

o
[{e]
[=]

(o]
o

Efficiency of RhB photodegradation (%)
3
Efficiency of RhB photodegradation (%)
o]
o

(4]
o
-~
o
1

(41

o
(2]
o

1

*

501 502 503 504 505 200 300 400 500 600 700
Ratio of Zn:BAC (mmol/g) Calcination temperature (°C)

Fig. 1. Effect of ratio Zn?**:BAC (mmol/g) (a) and calcination temperature (b)
on efficiency RhB photodegration on ZnO/BAC.
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The surface morphology of the ZnO/BAC composite calcined at 400°C was
examined by SEM (Fig. 2). The SEM images reveal that ZnO nanoparticles are
predominantly spherical in shape, with sizes in the nanometer range (20-100 nm), and
are uniformly distributed across the surface of the bio-activated carbon. Such a
homogeneous dispersion enhances the available active surface area and facilitates
efficient light absorption and charge transfer during photocatalytic reactions.

IMS-NKL 5.0kV 5.6mm x5.00k SE(M)

Fig. 2. SEM image of the synthesized ZnO/BAC material.
3.2. RhB removal with ZnO/BAC photocatalyst

Figure 3(a) illustrates the degradation of Rhodamine B (RhB) over time using a hano
ZnO/BAC composite as a photocatalyst, with varying initial concentrations of RhB (1, 2,
3, 4, and 6 ppm). The results indicate that higher initial concentrations of RhB slow down
the degradation process. The degradation rate is most rapid at lower concentrations
(1 ppm and 2 ppm), as evidenced by the quick decline in concentration over time (Cy). In
contrast, at higher initial concentrations (4 ppm and 6 ppm), degradation occurs more
slowly, with a gradual decrease in Ci. At lower concentrations, there are fewer RhB
molecules competing for the active sites on the ZnO/BAC, which leads to more efficient
degradation. In contrast, higher RhB concentrations result in deeper-colored solutions that
hinder light penetration. This reduced light exposure limits the activation of the ZnO
photocatalysts, thereby restricting the generation of reactive species. The degradation
appears to follow pseudo-first-order kinetics, where the rate is dependent on the
concentration of RhB. However, at high concentrations, deviations from first-order kKinetics
may occur due to mass transfer limitations. Lower initial concentrations of RhB enhance
degradation efficiency due to improved catalyst performance, reduced competition for

109



Section on Physics and Chemical Engineering - Vol. 4, No. 1 (Apr. 2026)

active sites, and better light penetration. Conversely, higher concentrations limit these
factors, slowing down the degradation process.

Figure 3(b) depicts the temporal degradation of Rhodamine B (RhB) with different
concentrations of the nano ZnO/BAC composite photocatalyst (0.25 g/L, 0.50 g/L,
0.75 g¢/L, 1.00 g/L, and 1.25 g/L). As the concentration of ZnO/BAC escalates from
0.25 g/L to 1.25 g/L, the degradation rate enhances. Increased catalyst loadings yield a
greater number of active sites for photocatalysis, leading to an accelerated degradation of
RhB. The degradation is markedly intensified at concentrations of 1.00 g/L and
1.25 g/L, with the most pronounced reduction in concentration noted. Nonetheless,
augmenting the catalyst dosage above a specific threshold (1.25 g/L) may not yield a
substantial enhancement in efficiency owing to saturation effects. At reduced dosages
(0.25 g/L and 0.50 g/L), the degradation rate is diminished, presumably due to a lack of
enough active sites to promote the reactions. Although increased catalyst dosages often
improve degradation, excessive quantities can lead to light scattering and diminish photon
penetration into the solution, perhaps resulting in a tiny drop in efficiency above an ideal
threshold. The ideal ZnO/BAC dosage seems to range from 1.00 to 1.25 g/L, at which
degradation is maximally efficient. Inadequate catalyst results in sluggish degradation,
but excessive quantities may not substantially enhance the pace due to particle
aggregation and light dispersion.
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Fig. 3. Effect of initial concentration (a) and dosage of nano ZnO/BAC composite (b)
on photochemical degradation rate of RhB.

3.3. Kinetic RhB photodegradation on nano ZnO/BAC composite

The UV-Vis spectra shown in Fig. 4(a) illustrate the degradation of Rhodamine B
(RhB) over time under simulated sunlight irradiation. The peak at 552 nm corresponds to
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the characteristic absorption of RhB. At time zero (represented by the black curve), the
initial concentration of RhB is indicated. As the irradiation continues, the absorbance
intensity gradually decreases (from the red to the green curves), signifying the
photodegradation of RhB. After 120 minutes, the peak nearly disappears, demonstrating
a significant reduction in RhB concentration. The color gradient shift from red to green
further confirms the progressive degradation over time. Figure 4(b) presents the
photodegradation efficiency of RhB as a function of irradiation time. The degradation
efficiency increases rapidly in the first 40 minutes, followed by a slower rate of increase,
ultimately reaching 91.46% after 120 minutes. This trend indicates that the photocatalyst
effectively degrades RhB, achieving high efficiency within two hours. The shape of the
curve aligns with a pseudo-first-order kinetic model, which illustrates the reaction
dynamics of the photodegradation process. These results demonstrate the successful
photocatalytic degradation of RhB under irradiation, suggesting that this system could be
effective for wastewater treatment applications.
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Fig. 4. The UV-Vis spectrum of the RhB solution (a)
and the photodegradation efficiency (b) vs irradiation time.

Figure 5(a) illustrates the kinetic modeling of RhB photodegradation on ZnO/BAC
using two commonly used pseudo-order kinetic models. The pseudo-first-order equation
follows the Lagergren model, and the linear fit indicates that the experimental data align
well with this kinetic model [40]. The high correlation coefficient (R2 = 0.9894) shows a
strong fit. The calculated rate constant, ks = 0.0206 min™*, represents the reaction speed
under first-order kinetics. Figure 5(b) also shows a linear relationship consistent with the
pseudo-second-order model. However, the correlation coefficient (R2 = 0.9454) is slightly
lower than that of the first-order model, suggesting that the first-order model better
describes RhB photodegradation under the tested conditions. The rate constant for the
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second-order model is k> = 0.0436 L/mg-min. Since the first-order model has a higher R?
value (0.9894 compared to 0.9454), it more accurately represents the kinetics of RhB
photodegradation on ZnO/BAC in the given experimental conditions. This indicates that
the degradation process primarily depends on the concentration of RhB in solution rather
than on surface adsorption-limited kinetics. The study of the effect of initial concentration
also supports this conclusion. The good agreement with the pseudo-first-order model can
be attributed to the low initial concentration of RhB, under which adsorption on the
ZnO/BAC surface quickly reaches equilibrium, and the overall reaction rate is governed
mainly by the concentration of RhB molecules available in solution. This behavior is
consistent with the Langmuir-Hinshelwood mechanism, where the surface photocatalytic
reaction of adsorbed species is the rate-determining step. The high R? value confirms that
the degradation was primarily controlled by photocatalytic surface reactions rather than
diffusion or mass-transfer limitations. However, external factors such as light intensity,
pH, initial dye concentration, and charge recombination can influence the apparent rate
constant (k1) and thus affect the overall photocatalytic performance.
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Fig. 5. The first-pseudo order (a) and second-pseudo order (b) models
of RhB photodegradation on ZnO/BAC.

Table 1 highlights several ZnO-based materials used for removing Rhodamine
B, detailing their efficiencies and experimental conditions. Most materials achieve
over 90% removal efficiency, except for ZnO pellets (74%) and ZnO/AC (80%).
Doping with elements like Cu and CdSe enhances efficiency by improving electronic
properties and photocatalytic activity. Green-synthesized ZnO, made from plant
extracts, also offers high efficiency, indicating a promising eco-friendly option.
Composites with activated carbon significantly boost removal efficiency through
adsorption and photocatalytic synergy. Notably, the nano ZnO/BAC using Syzygium
nervosum leaf extract achieved an efficiency of 91.46%, making it competitive in
Rhodamine B degradation. While some doped ZnO and advanced composites may
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yield slightly better results, they often require complex synthesis or longer reaction
times. The ZnO/BAC system presents a sustainable alternative with a strong balance
of high efficiency and practicality.

Tab. 1. Several studies of removal Rhodamine B using ZnO-based materials

Efficiency,

extract

120 min

Material Conditions o References
(o]

Nano ZnO using Initial concentration: 10 pmol,

Cyanometra ramiflora leaf | dosage: 2 g/L; contact duration: 98% [41]

extract 200 min

Nano ZnO using sol-gel Initial concentration: 25 mg/L;

mediated ultrasonic dosage: 2 g/L; contact duration: 95% [14]

hydrothermal 70 min

ZnO/NiFe;04 Initial concentration: 10 mg/L;
dosage: 1 g/L; contact duration: 95.7% [42]
180 min

CdSe-ZnO nanocomposite | Initial concentration: 10 mg/L;
dosage: 1.5 g/L; contact 99% [43]
duration: 180 min

ZnO pellets Initial concentration: 5 mg/L; 0
contact duration: 120 min 4% [44]

Cu-doped ZnO nanoflakes | Initial concentration: 10 mg/L;
dosage: 0.1 g/L; contact 99.62% [45]
duration: 360 min

ZnO/AC (AC commercial) | Initial concentration: 10 mg/L;
dosage: 2 g/L; contact duration: 80% [46]
120 min

ZnO/granular activated Initial concentration: 5 mg/L;

carbon composites dosage: 0.1 g/L; contact 97% [47]
duration: 120 min

Mn304/ZnO/AC Initial concentration: 10 mg/L;

nanocomposite dosage: 2 g/L; contact duration: 95.85% [48]

(microalgae-based carbon) | 420 min

Nano ZnO/BAC using Initial concentration: 2 mg/L;

Syzygium nervosum leaf dosage: 1 g/L; contact duration: 91.46 This study
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3.4. Reusability study

Figure 6 illustrates the reusability of the nano ZnO/BAC composite for the
photodegradation of RhB under simulated sunlight across multiple cycles. The y-axis
represents the efficiency of RhB degradation, while the x-axis indicates the number of
cycles. The degradation efficiency begins at 91.46% in the first cycle but shows a
downward trend as the number of cycles increases. By the seventh cycle, the efficiency
drops to 89.25%. Despite this decline, the composite maintains a relatively high
degradation efficiency of over 88% even after seven cycles. Before each subsequent
photocatalytic cycle, the used catalyst was collected, thoroughly washed several times
with distilled water to remove any residual dye molecules or intermediate products, and
then dried at 60°C to restore its activity. This simple regeneration procedure helps
maintain the structural integrity and performance of the composite during repeated use.
The decrease in efficiency may be attributed to gradual leaching or agglomeration of the
ZnO nanoparticles, which leads to fewer available active sites. Additionally, the BAC
component contributes to adsorption, and its effectiveness might diminish due to
saturation over multiple cycles. The accumulation of organic intermediates or by-
products on the surface of the composite can also impede light absorption and limit the
availability of active sites. Overall, the nano ZnO/BAC composite demonstrates good
reusability, with only a slight decrease in RhB degradation efficiency across multiple
cycles. This finding suggests its potential for practical applications in wastewater
treatment. However, periodic regeneration or optimization may be necessary to sustain
long-term performance.
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Fig. 6. Reusability of nano ZnO/BAC composite for RhB degradation under simulated sunlight.
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3.5. Mechanism study

The proposed mechanism for the photodegradation of Rhodamine B (RhB) using a
nano ZnO/BAC composite, based on the findings from [47]. The photodegradation
mechanism of RhB using a nano ZnO/BAC composite under sunlight can be explained in
the following steps (Fig. 7):
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Fig. 7. Photodegradation mechanism of RhB with nano ZnO/BAC composite under sunlight.

(i) Light absorption and charge separation: When exposed to sunlight, ZnO absorbs
photons with energy equal to or greater than its bandgap. This process generates electron—
hole pairs (e~ /h* ), where the electrons (e~ ) are excited into the conduction band (CB),
and the holes (h* ) remain in the valence band (VB).

(ii) Electron transfer and photo-reduction: The excited electrons migrate to the CB
and participate in photo-reduction reactions. Dissolved oxygen (O-) in the water captures
these electrons, forming superoxide radicals (¢O2~ ). These radicals are highly reactive
and contribute to the degradation of RhB.

(iif) Hole transfer and photo-oxidation: The holes in the VB move towards the
surface and react with water (H20) or hydroxide ions (OH™ ), generating hydroxyl
radicals (*OH). These hydroxyl radicals are powerful oxidizing agents that attack RhB
molecules, breaking them down into smaller intermediates.

(iv) RhB adsorption on BAC and synergistic effect: The BAC component enhances
the adsorption of RhB onto the composite surface, increasing the contact between the
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pollutant and reactive species. BAC also facilitates electron transfer, reducing charge
recombination and improving photocatalytic efficiency.

(v) RhB degradation and mineralization: RhB undergoes oxidation and degradation
due to the attack from *O2~ and *OH radicals. This results in the formation of carbon
dioxide (CO2), water (H20), and other non-toxic byproducts.

The ZnO/BAC composite effectively enhances photodegradation efficiency
through several mechanisms: strong sunlight absorption by ZnO, effective charge
separation due to BAC reducing recombination, and enhanced RhB adsorption on BAC,
which increases the degradation rate. This process converts RhB into harmless products
like CO2 and H20, making it an efficient photocatalyst for wastewater treatment.

6. Conclusion

This study successfully produced a nano ZnO/BAC composite from coffee husks
and using Syzygium nervosum leaf extract, demonstrating high efficiency in the
photodegradation of Rhodamine B (RhB) under simulated sunlight. Using 9% HCI for
24 hours optimized the activation process, resulting in a bio-activated carbon with a BET
surface area of 842.48 m?/g and a pore volume of 0.403 cm®/g, significantly enhancing
adsorption capacity. Characterization confirmed the deposition of ZnO nanoparticles
(20-100 nm) on the bio-activated carbon, with XRD analysis revealing a hexagonal
wurtzite structure. The composite showed strong UV and visible light absorption and
effective photocatalytic activity, achieving 91.46% RhB degradation within 120 minutes
(k. = 0.0206 min™, R? = 0.9894), with an optimal dosage of 1.00-1.25 g/L. After seven
cycles, the material maintained over 88% degradation efficiency, indicating good
reusability despite minor declines due to ZnO leaching. These results suggest that the
ZnO/BAC composite could be a promising and sustainable photocatalyst for dye
degradation and wastewater treatment. Given its strong adsorption—photocatalysis
synergy and reusability, ZnO/BAC also shows potential for use in industrial wastewater
treatment systems, particularly in textile, printing, and pharmaceutical effluents where
persistent dyes are prevalent. Moreover, its adaptability to visible-light irradiation and
ease of recovery from aqueous media make it a viable candidate for scalable treatment
processes or hybrid treatment systems integrating adsorption and photocatalysis.

While the present findings are encouraging, further studies are needed to assess
its stability and performance under real wastewater conditions. Future research could
also explore reactor-scale implementation, regeneration strategies, and life-cycle
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assessment to evaluate its long-term sustainability and cost-effectiveness in practical
environmental applications.
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NANO-ZnO CO PINH TREN THAN HOAT TINH SINH HOC

TU VO CA PHE ROBUSTA BE PHAN HUY QUANG XUC TAC

CAC THUOC NHUOM HUYNH QUANG
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Cao Phuong Anh', Nguyén Thi Thu Huong?, NguyénThi Phuong?, Nguyén Thi Hoai Phuong®
YTrung tam Nhiét déi Viét-Nga
2Vién Vat liéu, Sinh hoc va Méi truong, Vién Khoa hoc va Céng nghé quan sw

Toém tit: Cac tinh chit quang xuc tac cia ZnO khién no tré thanh mot ban dan duoc sir
dung rong rai, trong khi than hoat tinh sinh hoc (BAC) tir chét thai nong nghiép dang ndi 1én nhu
mot nén tang quang xuc tac bén vitng va tiét kiém chi phi. Nghién ctru nay khao sat viéc tong hop
va dic trung hoa hop chit nano ZnO/BAC tir vo ca phé nhim phan hily hiéu qua Rhodamine B
(RhB) dudi anh sang mit troi md phong. BAC dugc san xuat bang cach cacbon hoa vo ca phé ¢
900°C trong mdi truong argon va hoat hoa bang HCL. Cac hat nano ZnO
(20-100 nm) dugc ling dong trén BAC, dugc xac nhan thong qua anh SEM. Phan tich UV-Vis
DRS chi ra sy hdp thu manh ctia ZnO dudi 400 nm, gop phan ning cao hiéu sudt quang xuc tac.
Phan hiy RhB tuan theo dong hoc pseudo-bac nhat (ki = 0,0206 min™, R = 0,9894), dat ti 1¢ loai
b6 91,46% trong 120 phut, dic biét nhanh trong 40 phut diu. Hop chit cho thiy kha ning tai sir
dung t6t, duy tri hiéu suat trén 88% sau bay chu ky. Két qua nay nhian manh ZnO/BAC 1a mot chat
quang xuc tac bén vimng day hira hen cho viéc loai bo chat nhudm trong xir Iy nudc thai.

Tir khéa: Than hoat tinh sinh hoc; thuoc nhuém huynh quang; vé ca phé Robusta;, cdy voi.
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