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Abstract: The escalating issue of phenol dye-containing wastewater necessitates the development of efficient 

and sustainable treatment methods. In this context, we present a novel composite photocatalyst comprising 

ZnFe2O4 (ZFO) nanoparticles supported on nanocellulose(NC), aimed at addressing this environmental 

challenge. The synthesis involved a facile hydrothermal method followed by impregnation of ZFO 

nanoparticles onto the NC matrix. ZFO, as a weakly magnetic semiconductor catalytic material, was utilized 

in photocatalytic experiments under magnetic field conditions. By controlling the electron spin states through 

the magnetic field, electron-hole recombination was suppressed, resulting in improved photocatalytic 

performance.The resultant composite exhibited remarkable photocatalytic activity under visible light 

irradiation, owing to the synergistic effect between ZFO nanoparticles and NC. Through systematic evaluation, 

we demonstrated the high efficiency and stability of the composite photocatalyst in degrading phenol dye 

pollutants in aqueous solutions. Furthermore, the composite material exhibited promising recyclability, 

retaining its activity even after multiple usage cycles. This study underscores the potential of the ZFO/NC 

composite for sustainable wastewater treatment, offering a promising avenue for environmental remediation. 

Keywords: ZnFe2O4; nanocellulose; photocatalyst; phenol 

 

1. Introduction 

Phenol dye-containing wastewater poses a significant environmental challenge due to its 

harmful effects on ecosystems and human health. The discharge of untreated wastewater containing 

phenol dyes can lead to water pollution, disrupting aquatic life and endangering public well-being[1]. 

In response to this pressing issue, researchers have been exploring innovative and sustainable 

approaches for the efficient removal of phenol dyes from wastewater. 

Conventional wastewater treatment methods often struggle to efficiently remove phenol dyes, 

leading to the need for advanced treatment technologies. Among these, photocatalysis has emerged 

as a promising approach due to its ability to harness light energy to degrade organic pollutants[2]. 

In recent years, composite photocatalysts have gained a�ention for their potential to enhance the 

photocatalytic performance and stability of semiconductor materials. ZnFe2O4(ZFO), characterized 

by its weak magnetic properties and semiconductor nature, has shown promise as an effective 

photocatalyst for pollutant degradation[3–5]. Additionally, nanocellulose(NC), derived from 

renewable biomass sources, has emerged as an environmentally friendly support matrix for 

photocatalytic nanoparticles, offering advantages such as high surface area, biodegradability, and 

low cost[6–9]. 

This study aims to investigate the effectiveness of a composite photocatalyst incorporating ZFO 

nanoparticles supported on nanocellulose for the sustainable removal of phenol dye-containing 

wastewater. By integrating ZFO nanoparticles onto the NC matrix, we anticipate synergistic effects 

that will enhance the photocatalytic activity and stability of the composite material. Furthermore, the 
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utilization of ZFO/NC composite photocatalysts aligns with the principles of green chemistry, 

offering a promising solution for the remediation of phenol dye pollutants in wastewater. 

In this paper, we present the synthesis and characterization of the ZFO/NC composite 

photocatalyst, followed by an evaluation of its photocatalytic performance for phenol dye 

degradation. The findings of this study contribute to the advancement of sustainable wastewater 

treatment technologies, with potential applications in mitigating environmental pollution and 

safeguarding water quality. 

2. Materials and Method 

2.1. Materials 

Nanocellulose ( diameter:4–10 nm, length: 200 nm)，Zinc chloride (ZnCl2), iron(III) chloride 

(FeCl3) and sodium hydroxide (NaOH) were procured from Macklin. All the chemicals utilized were 

of high analytical quality ; no additional purification procedures were conducted. 

2.2. Methods 

2.2.1. Preparation of ZFO/NC Nanocomposite 

Prepare a 0.1 M FeCl3 solution by dissolving FeCl3·6H2O in deionized water. Similarly, create a 

4.4 M NaOH solution by dissolving NaOH in deionized water. Subsequently, introduce 0.34 g, 1.01 

g, and 1.68 g of NC into the FeCl3 solution, which has a volume of 70 mL, and also add 0.1 M ZnCl2 

to it. Mix the solution thoroughly for 30 minutes. Gradually add 10 mL of the prepared NaOH 

solution to the mixture while stirring. Continue stirring for another 30 minutes. Once the reaction is 

completed, transfer the suspension to a high-pressure vessel lined with 100 mL of Teflon. Heat the 

vessel at 200°C for an overnight period. Afterward, rinse the product with water and allow it to dry 

to obtain the synthesized compound. 

2.2.2. Instrumentations and Characterizations 

Characterization of the surface morphology and elemental composition was conducted with a 

Scanning Electron Microscope (SEM, model JEOL JSM-6510 LV) and Energy Dispersive Spectroscopy 

(EDS), respectively. To facilitate analysis, a thin layer of gold was spu�er-coated onto the samples 

using a JEOL JFC 1200 FINE COATER. Fourier Transform Infrared Spectroscopy (FT-IR) was 

performed at ambient temperature with a VERTEX 70 V instrument in the A�enuated Total 

Reflectance (ATR) mode, scanning the range of 4000 to 400 cm−1. X-ray Diffraction (XRD) analysis 

was conducted using an XPERT PRO - PAN Analytical system. Transmission Electron Microscopy 

(TEM) images were captured on a JEOL GEM-1010 microscope at an accelerating voltage of 76 kV. X-

ray Photoelectron Spectroscopy (XPS) was employed with an ESCALAB 250XI+ instrument from 

Thermo Scientific (K-ALPHA, UK), using Al Kα radiation at an energy of 1486.6 eV. The analysis 

parameters were set at a spot size of 500 µm, with energy resolution calibrated against the Ag3d5/2 

and C1s lines at 0.45 eV and 0.82 eV, respectively, and under a vacuum of 10–8 mbar. The full 

spectrum had a pass energy of 50 eV, while the narrow spectrum used a pass energy of 20 eV. The 

data processing was conducted using Casa XPS software and MultiPak software. 

2.2.3. Photodegradation Measurements 

To mimic organic wastewater, a phenol solution with a concentration of 15 mg/L was prepared. 

Subsequently, 125 mL of this phenol solution, 0.18 g of the catalyst ZFO/NC, and 15 µL of hydrogen 

peroxide were combined. The pH of the mixture was then adjusted to 7. A custom-made 

photocatalytic reactor equipped with magnets was employed to initiate the photocatalytic reaction. 

The reaction was allowed to proceed for 60 minutes. Following the reaction, a sample was taken, 

which was then subjected to 8 minutes of centrifugation at high speed. The supernatant from the 

centrifuge tube was aspirated, and the filtrate was filtered. The concentration of phenol in the solution 

was determined using a UV-Vis spectrophotometer. Finally, the degradation rate of phenol was 

calculated based on the absorbance readings before and after the reaction. For the photo-degradation 

experiment, a double-beaker setup was used, and the temperature was maintained constant with a 
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circulating water bath. To achieve adsorption/desorption equilibrium in the dark, a stirring period of 

60 minutes was required. The photodegradation activity was characterized using the following 

equation:  

D = (C0 − C)/C0 × 100% = (A0 − A)/A0 × 100% (1) 

where A is the absorbency of phenol, and C is the concentration of collected supernatant at a certain 

time interval. 

3. Results and Discussion 

3.1. XRD 

Figure 1 illustrates the X-ray diffraction (XRD) pa�erns for NC, ZFO, and the hybrid 

nanocomposites containing varying amounts of ZFO (0.1, 0.3, and 0.5 g by weight). The peaks in these 

pa�erns were distinct and aligned closely with the reference cards JCPDS no. 00-050-2241 and JCPDS 

no. 22-1012, signifying the crystalline nature of the original nanocellulose and the spinel cubic 

structure of the pure ZFO nanoparticles. The XRD pa�ern revealed peaks at approximately 2θ = 

17.69°(101), 22.08°(002), and 34.51°(040), indicative of a typical cellulose structure. The corresponding 

scan data for ZFO demonstrated the formation of well-defined ZFO nanoparticles, as confirmed by 

JCPDS card no. 22-1012. The diffraction peaks at 29.9, 35.3, 42.8, 53.1, 56.6, and 62.2° were a�ributed 

to the (220), (311), (400), (422), (511), and (440) crystal planes, respectively. No additional peaks 

indicative of impurities were detected, thus verifying the sample's purity. In the XRD pa�ern of the 

nanocomposites, besides the characteristic peaks of NC at 2θ = 22.85° (002), there were also diffraction 

peaks that aligned with the standard ZFO pa�ern. With an increase in the amount of zinc ferrite, the 

intensity of the peaks corresponding to ZFO increased, while the intensity of the peaks associated 

with nanocellulose decreased, as depicted in Figure 1. 

 

Figure 1. XRD pa�erns of NC, ZFO, and hybrid nanocomposites. 

3.2. FT-IR 

The FT-IR spectra of ZFO, NC and ZFO/NC are given in Fig. 2.The peak corresponding to the 

Zn-O bond (569 cm-1) can be assigned to the intrinsic la�ice vibration in the spectrum of ZFO[10]. The 

absorption bands at 1637 cm-1 and 3398 cm-1 can be respectively a�ributed to water deformation 

vibrations and -OH vibration modes [11].The NC absorption peak observed at 1110 cm-1 derived from 

C–O–C pyranose ring vibration fot he curves of NC and ZFO/NC[12]. While, after doping, the 

absorption spectrum undergoes a red shift, possibly due to changes in molecular structure and the 

influence of la�ice vibrations. 
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Figure 2. FT-IR spectra of NC, ZFO and ZFO/NC nanocomposites. 

3.3. UV-vis 

The optical characteristics of the relevant materials were evaluated using UV-vis spectroscopy 

within the wavelength range of 250 to 800 nm. The absorption spectra for the untreated ZFO, NC, 

and the ZFO/NC composite are illustrated in Figure 3(a). The highest absorption peak for ZFO 

occurred at 415 nm. The energy band gap (Eg) of each material was determined by applying Tauc's 

equation, and the resulting graphs of (ahυ)² versus (hυ) are shown in Figure 3(b). The calculated Eg 

values were found to be 1.58, 1.83, and 1.74 eV for NC, ZFO, and ZFO-NC, respectively. The 

incorporation of impurity elements led to la�ice strain within the crystal structure, which could be a 

result of changes in the energy band structure of the doped samples[13]. 

 

Figure 3. (a) UV-Visible spectra and (b) Tauc plots for the band gap of NC, ZFO and ZFO/NC nanocomposites. 

3.4. XPS 

XPS analysis was used to understand the development of additional ZFO/NC. The surface 

content and valence states of the produced composites are shown in Fig. 4. XPS analysis indicates the 

origin of component elements with a favourable reaction. The Fe 2p3/2 and Fe 2p1/2 peaks in Fig. 4(a) 

were located at binding energies of 711.1 and 725.2 eV[14,15], respectively, where the binding 

energies had a upshift than that of Fe 2p in ZFO. It may be a�ributed to the migration of the electron 

from ZFO to NC[16], which can provide definite evidence for charge transport of ZFO/NC 

heterojunction. For ZFO/NC, the peak between 725.8 and 713.5 eV was a satellite peak, which is 

characteristic of Fe3+. For Zn 2p spectra, 1023.3 and 1045.0 eV peaks were assigned to Zn 2p3/2 and 

Zn 2p1/2 for ZFO/NC, which are characteristic of Zn2+ [17,18]. Zn 2p peaks of ZFO/NC also showed 

a slight upshift compared to that of pure ZFO, which further provides the evidence for the electron 

transfer from ZFO to NC. Fig. 4(c) shows the XPS O 1s spectra of ZFO and ZFO/NC, and O 1s peak 

of ZFO/NC also showed a slight upshift compared to that of pure ZFO. The survey spectrum of NC 

shows three spli�ing peaks for C1s at 285.99 eV, 284.39 eV and 286.66 eV related to C-OH, C (- C, H) 

and O-C-O respectively[19]. 
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Figure 4. XPS survey spectra of ZFO and ZFO/NC(a) Fe 2p, (b) Zn 2p, (c) O 1s, (d) C 1s. 

3.5. TEM and SEM 

TEM is the most effective used tool for understanding the morphological structure as well as 

size of the prepared nanostructures. TEM image (Fig. 5a) revealed that, NC was poly-disperse and 

smooth rod shapes with average length of 95 nm, average diameter of 15 nm and surface charge are 

0.01 mmol/gm. On the other hand, ZFO nanocomposites are formed at different shapes as hexagonal, 

spherical and cluster or star like with average size range of 45–150 nm. As seen in Fig. 5b, there is a 

good incorporation between ZFO and the rod-like NC to form hybrid ZFO/NC with average size of 

37–88 nm with numerous shapes which depending on the components were found. It was observed 

that, the mean particle size of ZFO/NC and NC composites were found to be 85 and 30−50 nm with 

cloud-like and rode structures respectively[20,21]. 

The surfaces of NC and ZFO/NC were investigated using SEM micrographs at high resolution 

(Fig. 5c–d). As obvious from Fig. 5c, NC appeared as rod-like structure, while, ZFO/NC exhibited an 

irregular forms which agglomerated to cluster structures (Fig. 2d). Upon being dispersed on cellulose 

matrix (Fig. 2d) to form ZFO/NC nanocomposites, the same shapes of ZFO were observed.  
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Figure 5. Characterization of synthesized NC and nanocomposites. a and b denotes TEM images for 

NC and ZFO/NC ,respectively. c and d denotes SEM images for NC and ZFO/NC, respectively. 

The samples were subsequently analyzed with energy-dispersive X-ray spectroscopy(EDX) to 

assess the ratio of divalent cations within the nanoparticles, providing further confirmation of the 

presence of mixed ferrites. The elemental makeup of the pristine nanocellulose and the bare ZnFe2O4 

is depicted in Figure 6a. The analysis showed that NC contained carbon, oxygen, hydrogen, and trace 

amounts of impurities, which were likely derived from sodium hydroxide used in the production 

process. Figure 6a also confirms the purity of ZFO, as evidenced by the presence of zinc, iron, and 

oxygen elements, which corresponded closely to the expected theoretical percentages(Fe: 46.33%, Zn: 

27.12%, and O:26.55%). The hybrid nanocomposites exhibited material compositions that closely 

matched the intended ratios, as illustrated in Figure 6b. While minor discrepancies might be 

a�ributed to technical inaccuracies, the overall results suggest the successful creation of tertiary 

ferrites with a precisely defined composition. 

 

Figure 6. Elemental composition of (a) ZFO and NC (b) hybrid nanocomposites. 

3.6. Photocatalytic Properties 

To study the effect of magnetic field on photodegradation performance, a photocatalyst ZFO/NC 

with different ZFO content was used as a model. As can be seen in Fig. 7(a-b), 0.1ZFO/NC, 0.3ZFO/NC 

and 0.5ZFO/NC show significant improvement compared to ZFO and NC. Among them, 0.3ZFO/NC 

exhibits the best degradation performance in the absence of a magnetic field. However, after placing 

magnets near the photocatalytic reaction system, the reaction efficiency of the 0.5ZFO/NC 

photocatalyst is greater than that of the 0.3ZFO/NC after placing a magnet near the photocatalytic 

reaction system, as shown in Fig. 7(b). In order to visually compare the promotion of photocatalytic 

degradation of phenol by magnetic fields, Fig. 7(c) depicts the comparison of photocatalytic reaction 

efficiency without and with magnetic fields. All data were fi�ed with pseudo-primary kinetics and 

followed the formula -ln(Ct/C0) = kt. It can be seen that the photodegradation k value of ZFO to phenol 
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is the same with or without an external magnetic field, indicating that the presence of a magnetic field 

has no effect on NC degradation of phenol. However, the k-values for the degradation of phenol by 

xZFO/NC were 0.007, 0.009 min-1 (x=0.1), 0.012, 0.014 min-1 (x=0.3) and 0.011, 0.015 min-1 (x=0.5), 

respectively, before and after magnetic field placement. The results show that the ZFO/NC 

photocatalyst exhibits electron spin polarization, which can be controlled by the external magnetic 

field, and the photocatalytic efficiency is improved to varying degrees after the addition of magnetic 

field. The comparison of the efficiency improvement of ZFO/NC photocatalytic degradation of 

phenol is shown in Fig.7(d). Among all these ZFO/NC samples, the degradation efficiency of phenol 

was increased by about 35% with the addition of a magnetic field at 0.5ZFO/NC. These results showed 

that the photocatalytic degradation efficiency increased with the increase of ZFO doping 

concentration, and showed the strongest improvement at x=0.5. 

 

Figure 7. (a)Degradation curves of phenol by NC, ZFO and xZFO/NC(x= 0.1, 0.3 and 0.5) in the 

absence of a magnetic field; (b)Degradation curves of phenol by NC, ZFO and xZFO/NC under 

magnetic field conditions; (c)Comparison of degradation efficiency of xZFO/NC in the absence of 

magnetic field and in the presence of magnetic field; (d)The increasing percentage of 

photodegradation rate of xZFO/NC after the addition of magnetic fields. 

The sustainability and stability of photocatalysts play a crucial role in practical applications. In 

order to achieve the purpose of economy and environmental protection, the photocatalytic activity 

of the photocatalyst is usually required to remain unchanged as much as possible after multiple 

degradation cycles. To test the sustainability and stability of 0.5 ZFO/NC, cyclic degradation 

experiments were performed under a magnetic field using 0.5 ZFO/NC as a photocatalyst. As shown 

in Fig. 8, each degradation was performed under the same conditions, indicating that the 

photodegradation performance of 0.5 ZFO/NC in the magnetic field did not decrease significantly 

after three reaction cycles. 
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Figure 8. Cyclic experiments on photocatalytic degradation of phenol by 0.5ZFO/NC. 

3.7. Photogenerated Carrier Dynamics Analysis 

Photocurrent responses can be used to determine the separation and transfer kinetics of 

photogenerated carriers during photocatalytic processes[22–24]. In this study, during photocurrent 

measurements, a magnetic field was applied to the photoelectrodes to analyze its effect on the 

photocatalytic performance. Fig. 9a shows the photocurrent density-time curves of 0.5ZFO/NC in the 

absence of magnetic field and in the presence of magnetic field. The photocurrent density increased 

sharply when the visible light was turned on, and then rapidly returned to zero immediately after 

the light was turned off. Upon the application of the magnetic field, the photocurrent density of 

0.5ZFO/NC increased to 4.3 µA/cm2 , which was higher than the photocurrent density without a 

magnetic field. According to these experimental results, the magnetic field plays a significant role in 

enhancing the photocatalytic activity of ZFO/NC, i.e., the separation and transfer of photo generated 

carriers can be quicker with the help of a magnetic field. 

In addition, the transport capacity of the carriers was evaluated by employing an EIS 

electrochemical impedance test. Electrochemical impedance is a commonly used electrochemical 

characterization method to measure the change of material impedance by giving a fixed sine wave 

frequency, and to analyze and study the electrode dynamics of the surface of photocatalytic materials. 

In general, the smaller the arc radius of the EIS, the be�er the carrier capacity. As shown in Fig.9b , 

the arc radius of 0.5 ZFO/NC under the action of a magnetic field is the smallest, indicating that the 

carrier transport capacity is the best. This result is consistent with the conclusions of the photocurrent 

and degradation experiments. 

 

Figure 9. 0.5ZFO/NC in the absence of magnetic field and in the presence of magnetic field: (a) 

photocurrent response density; (b) Electrochemical impedance spectroscopy. 

3.8. Photocatalytic Mechanism 

A schematic of the mechanism of visible-light photocatalytic degradation of phenol by the doped 

ZFO/NC nanocomposites is shown in Fig. 10. Blue light incident on the scaffolds induces the 

generation of electrons (e
−
) and holes (h+), which then migrate to the CB and VB, respectively. The 
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photocatalytic degradation process consists of two stages: separation and transfer of photogenerated 

carriers. In the first stage, electrons are excited to the conduction band under the irradiation of light. 

However, there is a possibility that photogenerated electrons and holes will reunite. Therefore, the 

density of photogenerated carriers actually participating in the reaction is limited, which is not 

conducive to the photocatalytic reaction. At this time, by introducing an external magnetic field, the 

Loren� force generated by the magnetic field can drive the positively charged holes and negatively 

charged electrons to move in opposite directions according to the left manipulation, separating the 

electrons and holes, thereby inhibiting the recombination and increasing the number of free carriers. 

According to the left rule, the charged particles all experience the Loren� force perpendicular to the 

direction of their motion, and the Loren� force acting on the electrons and holes is in the opposite 

direction because the electrons have a negative charge and the holes have a positive charge. This 

effect causes electrons to move in one direction, holes to move in the opposite direction, and increases 

the density of carriers involved in the reaction. However, during stirring, the direction of the Loren� 

force is constantly changing, resulting in longer transport paths for the separated electrons and holes 

and a higher probability of recombination. Therefore, in the second stage, the introduction of NC 

establishes a directional transfer path for the separated holes, so that the holes are a�racted to NC, 

which further inhibits the recombination of electrons and holes. In addition, NC also provides a 

number of active centers that favor redox reactions, further improving the efficiency of 

photodegradation. 

 

Figure 10. Schematic of the mechanism of visible-light photocatalytic phenol degradation by NC, ZFO 

and xZFO/NC. 

4. Conclusions 

In the present study, we reported the fabrications of ZFO/NC nanocomposite and for the first 

time hybrid ZFO/NC nanocomposite through solvothermal method. The characterizations of the 

synthesized nanostructures were achieved via TEM, SEM-EDX, XRD, FT-IR, UV-vis, and XPS. The 

photo-degradation of phenol revealed the high efficacy of hybride ZFO/NC in dye removal as 

compared to pure NC and ZFO nanocomposites in the presence of the MF. The Loren� force acting 

on the photocatalyst can inhibit the rapid recombination of carriers. In the absence of any energy 

input, the photocatalytic degradation performance of phenol was improved by about 27% by placing 

a magnet next to the reaction device. After the introduction of NC, the photocatalytic reaction.The 

efficiency was further improved by 30%, indicating that NC helps to transfer separated and 

accumulated holes. This work provides a new perspective for suppressing the recombination of 

photogenerated carriers and improving the photocatalytic efficiency through Loren� force and NC. 
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