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Abstract

The widespread presence of dyes in water necessitates study to mitigate these hazardous substances. The current investigation synthesized
FesOa/activated carbon (AC) doped with ZnO to create the Fe;04/AC@ZnO composite, utilized for the photocatalytic degradation of Congo
red dye. Activated carbon was produced from bamboo utilizing KOH as an activator. The synthesized Fes04/AC@ZnO composite was
characterized utilizing various instruments, including X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Scanning
Electron Microscopy with Electron Dispersive X-ray Spectroscopy (SEM-EDS), Vibrating Sample Magnetometry (VSM), BET surface area
analysis. The absorbance of Congo red dye was assessed UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS). Fe:04/AC@ZnO
composite exhibits magnetic properties with a magnetic moment of 59.37 emu/g, a bandgap of 2.16 eV, and a surface area of 131.56 m?/g.
Fe;04/AC@Zn0 has tremendous performance as catalyst under visible light, achieving a 99.20% reduction of Congo red dye at pH 4, a
dosage of 0.3 g/L, a dye concentration of 20 mg/L, and an irradiation time of 80 min. Furthermore, the catalyst exhibits significant stability,
with an efficiency of 92% after five repetitions. The superoxide anion (*O:") plays a fundamental function in degradation. The pseudo-first-
order model effectively describe the kinetic behavior of the photocatalytic degradation of Congo red dye.
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1.Introduction

Population increase, industrial advancement, and water contamination are significant issues currently[1]. Industries
include textiles, paper, cosmetics, soap, and printing, generating liquid waste containing dyes [2]. Dyes pose a risk to aquatic
ecosystems when discharged into water bodies untreated [3]. Approximately 20% of the colors utilized are discharged as
waste [4,5]. Azo dyes are used in approximately 60%—70% of industrial dyes worldwide. The coloring agents that classified
as Azo dyes containing azo groups (-N=N-) and benzidine groups. These dyes exhibit water solubility, in addition to
carcinogenic and highly toxic, and indicate resistance to degradation due to their complex aromatic structure [6,7].

An excessive amount of dye compounds, elevated chemical oxygen demand (COD), and biological oxygen demand
(BOD) also suspended particles are common in wastewater [8,9]. Congo red dye is frequently utilized in industrial
applications. This dye is highly poisonous and possesses carcinogenic qualities that induce DNA alterations and promote the
formation of cancer cells; it also leads to skin irritation and anaphylactic shock [10-12]. Congo red exhibits excellent
solubility in water and is resistant to biological decomposition [13,14]. Currently, numerous methods have been utilized in
mitigating Congo red dye from aqueous solutions, including adsorption [15], electrocoagulation-electro-oxidation [16], and
membrane filtering [17]. Typically, these approaches exhibit drawbacks like prolonged treatment duration, sludge generation,
elevated treatment expenses, and the production of secondary pollutants [18,19]. Consequently, the advancement of rapid,
efficient, and cost-effective technology is necessary to address the constraints of these treatment approaches [20].
Photocatalytic degradation is regarded as an effective technique for eliminating dye-contaminated wastewater, with benefits
such as high efficacy, simplicity, and eco-friendliness. Photocatalysts can entirely degrade dyes into non-harmful substances
such as CO, and water when exposed to UV or visible light irradiation [21,22].

ZnO is an n-type semiconductor noted for its superior photocatalytic properties, nontoxic nature, affordability, electrical
conductivity, and chemically stable properties[23,24]. However, the application of ZnO as a catalyst is constrained by the
mechanism of recombination. ZnO possesses an energy band gap of around 3.37 eV, and the substantial energy necessary to
excite electrons results in a propensity for rapid recombination of electrons and holes post-excitation. This renders ZnO
significantly deficient in attaining elevated photocatalytic efficiency [25,26].Recombination and enhanced absorption within
the range visible light can be mitigated through doping with various materials, including graphene-ZnO [27], CuO/ZnO [28],
ZnO/Fe20; [29], ZnO-Doped Fes04/rGO [30], and ZnO-chitosan [31]. Activated charcoal (AC) modifies the properties of
photocatalysts due to its high porosity, superior electron transport capability, and its capacity to prevent the agglomeration of
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ZnO [32,33]. Doping activated carbon with ZnO (25:75) exhibits effective performance under UV radiation in the breakdown
of methyl orange dye [34]. However, activated carbon possesses a bandgap energy between 3.0 and 3.6 eV, which restricts its
efficacy in the ultraviolet domain.

This study developed activated carbon doped with FesO4 and ZnO. FesOs is an n-type semiconductor characterized by a
minimal bandgap energy of less than 2 eV [22]. FesO4 exhibits robust ferromagnetic characteristics, significantly enhancing
the efficiency and environmental sustainability of the catalyst recovery process through magnetic separation. This study
utilized activated carbon derived from bamboo, subsequently employing the Fe;O4/AC@ZnO composite for the degradation
of Congo red dye under varying pH levels, composite dosages, and dye concentrations.

2. Materials and Methods
2.1 Activated carbon preparation

Bamboo stems were segmented into 1-2 cm lengths. The stems were subsequently rinsed using distilled water and sun-
dried for 5 h. The stems were thereafter pounded to a size of +1 mm. Bamboo underwent carbonization at a temperature of
300°C for an hour in a furnace. The carbon was pulverized and sifted to approximately 200 mesh. The carbon obtained was
immersed in 1 M KOH at a ratio of 4:1 (40 mL KOH to 10 g carbon) for 24 h. Additionally, it was subjected to drying in an
oven for 2 h at 105 °C. After that, the carbon was rinsed with 0.1 M HCI solution and distilled water until achieving a neutral
pH. Activated carbon underwent carbonization at a temperature of 700°C for 5 h within nitrogen gas atmosphere. Finally, the
activated carbon was dehydrated using an oven at 105°C for 3 h [35].

2.2.Synthesis of FesO4/AC

The synthesis was conducted via the coprecipitation technique. A total of 1.791 g of FeCl.-4H.O and 4.869 g of
FeCls-6H20 were solubilized in 50 mL of distilled water. The mixture was agitated at 200 rpm for 20 min employing a
magnetic stirrer. Subsequently, 4 g of activated carbon was introduced with continuous agitation for 30 min while nitrogen
gas was being circulated. A 2 M NaOH solution was added to the mixture incrementally and agitated for 30 min at 60°C until
the pH reached around 10. The resultant magnetic composite was isolated with an external magnet and repetitively rinsed
until achieving a neutral pH with distilled water. FesOs/activated carbon was underwent drying in an oven at 80°C for a
duration of 2 h.

2.3.Synthesis of Fe;O/AC@Zn0O

2 g of FesO4/AC composite and 1.768 g of ZnCl. were added to 100 mL of distilled water. The mixture homogenized with
a magnetic stirrer at 500 rpm at 80°C for four h. The pH of was altered by incrementally adding a 2 M NaOH solution. After
that, the result was placed in a hydrothermal reactor for 12 h at150°C [3].

2.4. Characterization of materials

The phase structure and type were ascertained via X-Ray Diffraction (XRD) using a Rigaku Miniflex, while the optical
properties of the material were evaluated through UV-VIS Diffuse Reflectance Spectroscopy (UV-VIS DRS) with a
Pharmaspec UV-1700. Morphology and elements that constitute the materials were analyzed using Scanning Electron
Microscopy coupled with Energy Dispersive Spectroscopy (SEM-EDS JSM 6510 LA). The measurement of surface area and
pore size were performed using BET surface area analysis (Quantachrome Nova 4200e). The evaluation of magnetic qualities
was evaluated using a Vibrating Sample Magnetometer (VSM Oxford 1.2 H). The Fourier Transform Infrared Spectroscopy
(Perkin Elmer FTIR-1650) utilizing KBr pellets were employed to ascertain functional groups that possessed by the composite
within the wavenumber range of 400-4000 cm™.

2.5. Photocatalytic activity

The photocatalytic degradation of Congo red dye was assessed with variations in the following variables: pH (4-10),
catalyst dosege (0.1-0.4 g/L), and initial concentrations of dye (20-80 mg/L). The irradiation was performed using A 125-watt
mercury lamp that positioned 15 cm from the Congo red dye solution within a reactor. Prior to irradiation, the Congo red dye
solution, which had been combined with the composite, was positioned in a reactor in dark condition while being agitated to
attain adsorption equilibrium during a duration of 40 min. Irradiation was conducted throughout a duration of 0 to 100 min,
with intervals of 20 min. During procedure, thedegradation of the dye was assessed using a UV-Vis spectrophotometer
(Model Orion Aquamate 8000).

3. Results and Discussion
3.1. XRD analysis

The XRD results of activated carbon, FesO4/AC, and Fes:O4/AC@ZnO are illustrated in Figure 1. Bamboo-derived
activated carbon has a distinct broad peak associated with its amorphous structure at 20 ~22.4° and ~43.6°. This peak
corresponds to a crystal plane as described by the Miller indices (hkl) of (002) and (100) that are related to the turbostratic
amorphous structure of the activated carbon indicating a low-level graphitic alignment of the crystalline carbonaceous
structure. The identification of FesOs in FesOas/activated carbon occurs at 20 = 30.40, 35.7°, 43.6°, 53.7¢, 57.5¢, 62.9°, and
74.2¢, corresponding to the indices (220), (311), (400), (422), (551), (440), and (553), respectively. The peak intensity is
affected by the quantity of Fe;Os in the composite [36]. The Fe;04/AC@ZnO peak is primarily characterized by the peaks of
Fe;04 and ZnO. The ZnO peak is observed at 20 = 31.80°, 34.44°, 36.28°, 47.59°, 56.65°, 62.92°, 68.49°, 69.55°, and 77.61°,
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with the corresponding Miller index values of (100), (002), (101), (102), (110), (103), (112), (201), and (202). Certain peaks

coincide between FesO4 and ZnO.
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Figure 1: XRD spectra of (a) activated carbon, (b) Fe;04/AC and (c) Fe;0,/AC@ZnO composite.

3.2. SEM -EDX analysis
Figure 2 depicts the surface morphology of activated carbon, FesO4/AC, and FesO4/AC@ZnO. Activated carbon possesses

pores of unevenly distributed diameters. The incorporation of Fe;Os leads to the clogging of some pores, akin to the
integration of ZnO. FesOs and ZnO can alter the surface morphology of activated carbon, increasing its roughness and
enhancing the number of active sites for contact with pollutants. Rougher and coarser surfaces typically exhibit larger surface
areas. The EDX statistics (Table 1) indicate that the presence of C, Fe, O, and Zn elements suggests successful synthesis.

Figure 2: SEM image of (a) activated carbon, (b) Fe304/AC and (c) Fe304/AC@ZnO composite.
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Table 1: Composition of the elements from the EDX analysis results

Elements (%)

Materials C 0 Fo 7n
Activated carbon 96.82 2.96 - -
Fe;04/AC 56.17 14.73 29.10 -
Fe;0,/AC@Zn0O 42.45 22.87 24.23 9.45

3.3. BET surface area

Table 2 indicates that the inclusion of FesOs and ZnO particles enhances the active surface area of activated carbon. The
findings of Foroutan et al. [37] demonsrating the alteration of activated carbon derived from oak wood using FesO4 and ZnO
enhanced the surface area. Similarly, this study found that activated carbon derived from bamboo had a surface area of 93.24
m?/g, which grew to 101.20 m?g upon the incorporation of FesOs and further to 131.56 m?/g following modification with both
Fes04 and ZnO. FesO4 can physically interact with activated carbon, leading to alterations in its microstructure. Fes:O4 can
occupy or create new pores in activated carbon, hence increasing the surface area. Moreover, diminutive FesOa particles
enhance the surface area relative to volume, consequently augmenting the effective surface area of the composite material.
Activated carbon, FesO4/AC, and FesOs/AC@ZnO are categorized as mesoporous materials due to their typical pore diameter
ranging from 2 to 50 nm [38].

Table 2: Surface area parameters

Materials Sper (m%/ 2) Pore Volume (cm’/, 2) Pore Diameter (nm)
Activated 93.24 0.76 3.23

carbon 101.20 0.92 2.46
Fe;04/AC 131.56 1.15 2.44
Fe;04/AC@7Zn0O

3.4. UV-Vis DRS analysis

The optical characteristics of FesO+4/AC and Fe;O4/AC@ZnO were analyzed via the UV—vis absorption spectrum, with
findings illustrated in Figure 3. The optical properties of activated carbon were not assessed owing to its conductive
characteristics. The absorption peak of Fe;O4/AC is at 396 nm, while FesOs/AC@ZnO is at a smaller wave number of 352 nm.
ZnO typically exhibits a peak wavelength in the ultraviolet area. Aliah et al. [30] demonstrated that the absorption peak of
ZnO was enhanced following its combination with Fe:Os and rGO. In line with the bandgap value, Fe;O,/AC and
Fe;0,/AC@ZnO0O each have a band gap value of 1.88 eV and 2.16 eV. A small bandgap value facilitates catalytic activity in
the visible spectrum. An increased content of FesOa in the composite correlates with a reduced bandgap value similar to other
research where the ratio of FesO04:TiO: = 3:1 approaches the Fe;O4 bandgap value [39].

@) — Fe;0,/AC

(b) — Fe;0,/AC
— Fe;0/AC@ZnO

— Fe,0,/AC@/ZnO

Absorbance (a.u.)
(ahv)? (eV cm™)?

200 300 400 500 600 700 800 0.5 1 1.5 2 2.5 3 3.5
Wavelength (nm) Photon energy (eV)
Figure 3: (a) UV-vis absorption and (b) Tauc plot of the Kubelka-Munk function of Fe;04/AC and Fe;04/AC@Zn0O composite.

3.5. Magnetic moment analysis

The interaction between FesOs and activated carbon may induce a dilution effect and alterations in the structure and size
of FesOs particles, leading to a reduced magnetic value of FesO+/AC compared to pure FesOa. Figure 4 indicates that
Fe;04/AC possesses a greater band gap than FesO4/AC@ZnO composite, measuring 74.43 emu/g and 59.37 emu/g,
respectively. ZnO is a semiconductor characterized by a substantial band gap. The interaction between ZnO and Fe;Oas can
influence the electronic structure or the local magnetic field surrounding the FesO4 particles, hence diminishing the capacity of
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Fes0a to exhibit optimal magnetic characteristics. The magnetic characteristics of Fes;O4/AC@ZnO will allow a more efficient
separation after degradation by using magnetic attraction instead of filtration.
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Figure 4: Hysteresis loops of Fe;04/AC and Fe;04/AC@Zn0O composite.

3.5. FTIR analysis

Figure 5 diplays the FTIR result of activated carbon, FesO4+/AC, and Fe;:O4/AC@ZnO composite. Peaks at wave numbers
approximately 3400 cm™ and 1600 cm™ in all spectra signify the stretching and vibration of adsorbed water molecules or the
presence of O—H from phenolic compounds [40]. The absorption peak at 1500-1600 cm™ in activated carbon results from the
vibration of the C=C bond in alkenes within the aromatic ring [41]. The peak is not distinctly observable in the Fes;O+/AC and
Fe;04/AC@ZnO composites. The wave numbers 1000-1300 cm™ signify the presence of C—O stretching vibrations, while the
absorption peak at 2900-3000 cm ! relates to C—H stretching vibrations. Absorption in the range of 400-600 cm™! is indicative
of metal oxides. This peak is not discernible in activated carbon. The Fe-O peak is distinctly observed at a wavenumber of
557 cm™. The Zn-O presence is shown by absorptions at 840 cm™ and 420 cm™ in the Fe;0s/AC@ZnO composite.

Transmittance (%T)

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™?)
Figure 5: FTIR spectra of (a) activated carbon, (b) Fes0+/AC and (c) Fes04/AC@ZnO composite.

3.6. Photocatalytic experiment
Figure 6 illustrates the impact of blank, activated carbon, Fe;O0,/AC, and Fe;0,/AC@ZnO on the reduction of dye
concentration, both with and without irradiation. The treatment was conducted for 40 min without irradiation first to negate
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the adsorption effect, then followed by irradiation with visible light. The reduction (C/Co) for Congo red dye concentration
subsequently from the lowest: blank (photolysis) < activated carbon <Fe;O4/AC <Fe;O4/AC@ZnO composite. The
degradation of Congo red dye was nearly nonexistent when subjected to visible light without a catalyst. Photolysis solely
depends on light energy to cleave bonds, resulting in more constrained capabilities and a slower reaction rate. The

incorporation of ZnO, FesOa, and activated carbon exhibited synergistic interaction, characterized by robust adsorption and
photocatalytic degradation results.
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Figure 6: Comparison of Congo red dye degradation, namely blank (photolysis), with the addition of activated carbon, FesO4/AC, and
Fe304/AC@Zn0O composite

The UV-Vis spectrophotometric measurement of Congo red dye is illustrated in Figure 7. The absorption peak of Congo
red dye occurs at a wavelength of 498 cm™. The irradiation duration influences the reduction in absorbance of Congo red dye,
resulting from photocatalytic degradation utilizing Fe;O04/AC@ZnO under visible light. In photocatalytic degradation, Congo
red dye molecules are decomposed into smaller compounds that do not absorb light at the same wavelength. This results in a
reduction of dye molecules in the solution, leading to a fall in the absorption value.
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Figure 7: Alterations in the UV-Vis spectrum during the degradation process utilizing Fes;04/AC@ZnOcomposite at a dosage of 0.2 g/L and a
concentration of 20 mg/L during varying time intervals.
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Figure 8 illustrates the influence of solution pH, composite dosage, dye concentration on degradation efficiency and
kinetics model. The pH of the solution is a key parameter that significantly influences the entire photocatalytic process
[42,43].The ideal pH for the breakdown of Congo red is between the acidic to neutral range, namely between pH 4 and 7. A
number of studies have shown that using ZnONPs/covalent triazine catalysts [44], ZnO [45], and ZIF-67 @CeO- [46] to break
down Congo red dye works best at pH 4.03, 6.63, and 7.0. The Congo red dye possesses an azo structure that can alter its
configuration based on the solution's pH. The Congo red dye, with a pKa of 4.0, assumes an anionic form in acidic conditions,
forming sulfonate groups that facilitate electrostatic interactions of the dye and the composite surface [22,47]. A pH range
from slightly acidic to neutral enhances the generation of hydroxyl radicals (*OH), thereby enhances the breakdown of Congo
red dye. At highly acidic pH, ZnO may dissolve to produce Zn?", hence diminishing its photocatalytic efficacy. With
increasing pH, the composite becomes more negative so that repulsion occurs with the dye. Consequently, within the ideal pH
range, an equilibrium exists among dye adsorption, hydroxyl radical generation, and the stability of ZnO as a photocatalyst.
The optimal pH in this investigation was determined to be 4.

To ascertain the optimal dosage of Fe:04/AC@Zn0O composite, degradation was performed with doses ranging from 0.1
g/L to 0.4 g/L at a solution pH of 4 and a dye concentration of 20 mg/L. At low concentrations, insufficient active ZnO sites
exist to absorb photons and generate oxidative radicals. At elevated doses, degradation intensifies due to the increase in the
number of composites exposed to photons, resulting in the generation of additional radicals such as *OH and O2¢ [48]. The
optimal dosage achieved was 0.3 g/L. At higher dosages, degradation diminishes since the addition of a catalyst renders the
solution turbid, obstructing irradiation to the catalyst surface [49].

The contribution of dye concentration on degradation efficiency was assessed with concentrations varying from 10 to 40
mg/L in the following condition: a solution pH of 4 and a catalyst dosage of 0.3 g/L. The degradation efficiencyis influenced
by the initial concentration of the dye; an increase in dye concentration tends to decrease in degradation efficiency[42]. At low
concentrations, UV/visible light effectively penetrates the solution, facilitating a higher number of photons reaching the
composite, thereby improving degradation efficacy. At high concentrations, the dye solution inhibits light radiation, leading to
a reduced number of photons achieving the catalyst surface, which is essential for the radical generation needed for
degradation [50]. The degradation efficiencies at concentrations of 20 mg/L, 40 mg/L, 60 mg/L, and 80 mg/L are 99.20%,
90.5%, 81.30%, and 69.40%, respectively.
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Figure 8: Effect of (a) pH solution, (b) dosage, (c) concentration of dye for C/C, and (d) the degradation kinetic.
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The photocatalytic activity was evaluated by examining the degradation kinetics, utilizing a pseudo-first-order kinetic
model expressed by the following equation:

Co _
In =kt D

Where C; andC represent the dye concentration at any given time and the initial dye concentration (mg/L), respectively; k
denotes the reaction rate constant (min™!), and ¢ signifies the time (min). This study utilized a dye concentration of 20 mg/L, a
solution pH of 4, and a catalyst dosage of 0.3 g/L for the experiment. The coefficient of determination (R?) was 0.9901,
nearing 1, signifying that the pseudo-first-order model aligns well with the experimental data. The k value of 0.0361 min!
exceeds those reported in earlier research, which are 0.0015 min! for CeO: [47] and 0.02455 min ™ for 2% Ni-doped y-Bi-Os
[50]. A higher k value signifies a more rapid degradation of the dye, indicating more photocatalytic efficiency.

3.7. Photocatalytic degradation mechanism

The photocatalytic degradation of contaminants organicdepends on the production and reactivity of radicals. A scavenger
test was conducted to elucidate the role of Reactive Oxygen Species (ROS) on this mechanism [51]. Figure 9 illustrates that
various scavenger agents have distinct degradation efficiencies. The scavenger reagents employed are isopropanol (IPA),
benzoquinone (BQ), and ethylenediamine tetraacetic acid (EDTA). The degradation order, in the absence of a scavenger, is as
follows: IPA > EDTA > BQ. The reduction in degradation efficiency indicates that the scavengers involved in the degradation
process are superoxide anions (*O:"), followed by hydroxyl radicals (*OH) and holes (h*). The breakdown of Congo red dye
with La—CeO: and NiO yielded identical results, indicating that superoxide anions (*O:") are the primary agents of
degradation [47,52]. Sun et al. [53] propose that the potential degradation mechanism involves superoxide radicals (*O2") and
hydroxyl radicals (*OH), which initially target the -NH>, —SO;~ branched chains, and aromatic rings within the Congo red dye
molecule. Moreover, the azo link—N=N—is cleaved, resulting in the continual formation of H.O, CO2, and minor innocuous
molecules [54,55].
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Figure 9: Photocatalytic degradation of Congo red dyewith various radical trapping agents.

The mechanism of Congo red dye degradation by Fes04/AC@ZnO composite is as follows [52]:

Fe;0,/AC@ZnOcomposite +hv—e ™ cpy+h’ vp) ?2)
e_(CB)+ h+(VB) —  energy (3)
H,O + h+(VB) —+OH + H* 4)
O+ e (cp) =0y ©)
Congo red dye + *OH/*O,~ —H,0 +CO, + other product (6)

3.8. Reusability and stability composite

Evaluating the stability, effectiveness, and recyclability of the catalysts is crucial for practical use and catalyst reuse. The
previously utilized catalyst was extracted from the treated dye using centrifugation, subsequently rinsed with ethanol [56].
Then, the composite was dried in an oven at 60°C for 2 h [55]. The degrading efficiency diminished from 97.90% to 92.70%
during 5 cycles, reflecting an average decline of 1.04% each cycle (Figure 10). The results demonstrate that the catalyst
exhibits excellent stability, hence lowering manufacturing costs since it eliminates the need to purchase a new catalyst for
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each reaction. Moreover, it enables implementation on an industrial scale due to the enhanced stability and efficiency of the

process. The composite's stability surpassed those of RGO-modified MIL-125(Ti) for the same dye, which diminished from
96.6% to 65.2% during four cycles [57].
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Figure 10: Reusability of Fe;0,/AC@ZnOcomposite for photocatalytic degradation of Congo red dye.

4. Conclusion

This study effectively synthesized Fe;O4/AC@ZnO composite as a photocatalyst for the degradation of Congo red dye.
Activated carbon is produced from bamboo through activation with KOH. Fes;Os and ZnO doping on activated carbon
increases the surface area, reduces the band gap, and the composite is magnetic, which facilitates the separation of the
composite from the solution after the photocatalytic degradation process. At optimum conditions, namely pH 4, a catalyst
dosage of 0.3 g/L, and a dye concentration of 20 mg/L, a degradation efficiency of 99.20% was obtained. The main radical
that plays a role in the degradation of Congo red dye is superoxide anion (*O:"). Fes04/AC@ZnO composite has outstanding
stability, demonstrating a reduction of 5.2% after five cycles of reuse. The findings suggest that the composite has potential
for wastewater treatment, especially for those containing organic pollutants.
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