
Chemical Physics Impact 8 (2024) 100428

Available online 12 December 2023
2667-0224/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Full Length Article 

Fluidized bed reactor for 4-chlorophenol photodegradation via solar and 
visible radiation using ZnO/g-C3N4/carbon xerogel as a photocatalyst 

Maira Elizabeth Vicente Gouvea a, Flávio Henrique Covolam Boldrin a, Bruno Henrique Baena da 
Silva a, Livia Kent Paiva a, Nicolas Perciani de Moraes b, Leandro Gonçalves de Aguiar a, Liana 
Alvares Rodrigues a,* 

a Escola de Engenharia de Lorena-EEL/USP, Estrada Municipal do Campinho S/N, CEP 12602-810, Lorena, São Paulo, Brazil 
b São Carlos Institute of Chemistry, University of São Paulo, Av. Trab. São Carlense, 400 - Parque Arnold Schimidt, São Carlos - SP, 13566-590   

A R T I C L E  I N F O   

Keywords: 
Zinc oxide 
Fluidized bed reactor 
Photocatalysis 
4-chlorophenol 

A B S T R A C T   

This study investigates the feasibility of employing a fluidized bed reactor for the degradation of 4-chlorophenol 
(4CP), considering multiple operational parameters (type of radiation, fresh inlet flow rate and recycle flow rate). 
The selection of the ZnO/g-C3N4/carbon xerogel as photocatalyst, a choice motivated by the improved charge 
transfer and increased catalyst activity under visible radiation provided by the presence of carbon xerogel and g- 
C3N4, was previously determined through tests conducted in a jacketed batch reactor under visible radiation, in 
which the ternary material efficiency was compared to their constituting counterpart materials. The semi
conductors constituting the unary, binary, and ternary materials were chosen based on considerations of 
availability, sustainability, and abundance in nature. The use of the proposed fluidized bed reactor brings ad
vantages in scalability, distribution of irradiated light and overall costs when compared to commonly used batch 
reactors, whereas the investigation of the flow parameters involved in such process is of great importance to 
understand and optimize the efficiency of the pollutant degradation process. Regarding the ternary photo
catalyst, X-ray diffractometry (XRD) revealed the presence of zinc oxide’s hexagonal crystalline structure. 
Moreover, additional characterization using Raman spectroscopy, Fourier-transform infrared spectroscopy (FT- 
IR), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy-dispersive 
spectroscopy (EDS) confirmed the presence not only of ZnO but also of carbon xerogel and g-C3N4 in the 
composite. From the photodegradation experiments, it was determined that the optimal fresh inlet flow rate to 
achieve the best degradation, as well as the recycle flow rate for this purpose, were 0.07 and 25 L h− 1, 
respectively. Mathematical simulations described that the model that best fits the system’s behavior considers the 
specific reaction rate as dependent on the concentration of the catalyst in the medium.   

1. Introduction 

Recently, environmental pollution and water bodies’ contamination 
have emerged as some of the key topics of interest in the extensive 
discussion of global environmental issues [1,2]. A variety of pollutants, 
such as heavy metals, personal care products, pesticides, and dyes, have 
been found in quantities varying from nanograms per liter (ng L− 1) to 
micrograms per liter (μg L− 1) in natural water bodies, falling into the 
class known as Emerging Pollutants (EPs) [1–5]. At these concentra
tions, EPs may lead to the propagation of several ecological distur
bances, such as bioaccumulation in living organisms, microbial 
resistance, and genetic mutations in mammals [4,6]. 

4-chlorophenol (4CP), a commonly used pesticide, belongs to the 
class of chlorophenols and is seen as a representative EP due to its 
presence in effluents from various industries, ranging from pharma
ceutical to petrochemical facilities [6,7]. Its high toxicity, coupled with 
its potential carcinogenicity, has led it to be listed as one of the priority 
pollutants by the US Environmental Protection Agency and European 
Decision 2455/2001/EC [6,8,9]. Therefore, the search for efficient 
techniques for the remediation of 4CP in industrial wastewaters is 
crucial. 

In this context, heterogeneous photocatalysis has garnered signifi
cant interest, because of its capacity to transform organic pollutants into 
non-toxic substances (such as CO2, water, and inorganic salts) making it 
a green and sustainable technology [1,2,10–12]. Through this advanced 
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oxidation process, the energy obtained from light irradiation at a spe
cific wavelength can be absorbed by a photocatalytic material, leading 
to the promotion of electrons to the conduction band of the photo
catalyst while also inducing the accumulation of electron holes on its 
valence band. This so-called electron/hole pair may then act toward 
both the oxidation of water and the reduction of oxygen molecules 
adsorbed on the photocatalyst, generating active radicals responsible for 
pollutant degradation [1,10]. 

Zinc oxide (ZnO) is considered to be one of the primary photo
catalysts employed for degradation purposes, offering low cost of pro
duction, great availability, and high oxidative capacity [2,13,14]. 
However, its wide bandgap energy (3.22 eV) results in low absorption of 
visible light, which in combination with a high electron/hole recombi
nation rate, reduces its viability for application under more industrially 
relevant light sources (solar and visible) [14–16]. Hence, the combina
tion of ZnO with other semiconductors, through the formation of 
solid-state heterojunctions, emerges as a good alternative to remediate 
these issues [14–16]. In this context, graphitic carbon nitride (g-C3N4) is 
a semiconductor characterized by its remarkable stability, 
cost-effectiveness, and a low bandgap energy [14,17–20]; additionally, 
this semiconductor is ideally suited for the development of efficient 
heterojunctions [19,20], especially with ZnO as showed by recent 
studies [18], facilitating enhanced light absorption in the visible spec
trum and minimizing the rate of electron/hole recombination [14]. 
Moreover, employing carbon xerogel for the formation of a ternary 
composite can result in enhanced properties toward photocatalytic ap
plications, such as higher electrical conductivity and larger specific 
surface area, improving charge transfer efficiency and photocatalytic 
efficiency [16]. Furthermore, for this purpose, the utilization of black 
wattle tannin as a precursor for the proposed carbon xerogel can reduce 
costs and environmental impacts [21]. Therefore, the use of the 
ZnO/g-C3N4/carbon xerogel composite system is a promising alternative 
for EP degradation, as demonstrated in our previous work [22]. 

However, besides the type of photocatalyst, the reactor used for 
photocatalytic processes and its operational parameters play a crucial 
role in the overall photodegradation efficiency. Although studies point 
to the high photodegradation efficiency in batch systems [23,24], 
continuous systems for microreactors have garnered recent attention 
due to several advantages, including better uniformity of light irradia
tion in the reaction mixture, easier scaling up, and potential reduction in 
reaction time, minimizing the formation of byproducts [25]. 

The fluidized bed reactor, in particular, is a continuous reactor based 
on the fluidization of a catalyst according to the fluid velocity passing 
through the reactor, maintaining a strong contact between the catalyst 
and the reactive fluid throughout the process, minimizing mass transfer 
limitations, and facilitating pH and temperature control, to the point of 
achieving uniform temperatures [26]. Its use has already been proven 
successful in a wide range of advanced oxidation processes, and, in 

addition to the benefits mentioned earlier, the simple and cost-effective 
nature of such an operational strategy aligns perfectly with the search 
for more cost-efficient photocatalysis processes [26–28]. 

Aiming to further improve the viability of photocatalytic processes, 
the use of computational simulation has been widely employed as an 
efficient tool to accurately describe and predict the phenomena occur
ring in a vast array of reactional systems [29–31]. The authors, for 
example, used mathematical models and numerical integration to better 
describe the kinetics of pollutant degradation reactions, such as landfill 
leachate and dairy wastewaters, achieving excellent results compared to 
experimental data [29–31]. Moreover, computational tools for effluent 
treatment control have been recently widely studied by laboratories and 
industries, further stimulating the search for mathematical models that 
accurately describe degradation processes [30,32]. 

Thus, this study aims to investigate the feasibility of a fluidized bed 
reactor for 4-chlorophenol (4CP) degradation using the ternary ZnO/g- 
C3N4/carbon xerogel as a photocatalyst, considering multiple opera
tional parameters (type of radiation, fresh inlet flow rate and recycle 
flow rate). Furthermore, mathematical modeling and numerical inte
gration methods were used to study the kinetic behavior of the system, 
striving to better comprehend the behavior of the proposed photo
catalytic reactor. A preliminary study preceding the proposed analyses 
in the continuous system was also conducted, with the aim of assessing 
the enhanced efficiency of the ternary compound under consideration 
and its photocatalytic properties. 

2. Materials and methods 

2.1. Synthesis of the ternary photocatalyst 

Firstly, the g-C3N4 composite was prepared through the thermal 
polymerization of urea in a muffle furnace. The temperature of 550◦C 
was used, with a heating rate of 10◦C min− 1, for 2 hours [22]. 

The composite ZnO/g-C3N4/carbon xerogel (2.5% g-C3N4, 97.5% 
ZnO w/w with addition of 0.25g tannin) was prepared similarly as per 
one of our previous works [22], but using ethanol as solvent. The 
preparation starts by dissolving 4.5g of ZnCl2 (97% w/w, Neon Analytic) 
in 25 mL of 99% w/w ethanol (solution A). Following the full dissolution 
of ZnCl2, 0.07 g of g-C3N4 were introduced into the mixture, and it was 
subjected to stirring for 10 minutes at room temperature. Then, 1.5 mL 
of 37% CH2O (37% w/w, Neon Analytic) and 0.25 g of black wattle 
tannin (PHENOTAN AP, Tanac S.A.) were mixed into the solution. 
Another solution (solution B) was prepared by diluting 4 g of KOH 
(>85% w/w, Neon Analytic) in 25 mL of ethanol. Solution B was added 
to solution A, causing the composite material to precipitate. The 
dispersion was stirred for an additional 10 minutes. The resulting ma
terial was washed until it reached a pH = 7, and then it was dried in an 
oven until a constant weight was attained. Subsequently, the material 

Nomenclature 

A Reactants (4CP) 
P Products 
XA Conversion of reactants 
XAg Global conversion 
k Specific reaction rate (h− 1) 
τ Residence time (h) 
FA0 Reactor fresh inlet flow (mol L− 1) 
FA1 Reactor total inlet flow (mol L− 1) 
FA2 Reactor outlet flow (mol L− 1) 
FAR Reactor recycle inlet flow (mol L− 1) 
FAiR Recycle tank inlet flow (mol L− 1) 
FAe Exit tank inlet flow (mol L− 1) 

t Time (h) 
CA0 Reactor fresh inlet conc. (mol L− 1) 
CA2 Reactor outlet conc. (mol L− 1) 
CAR Reactor recycle inlet conc. (mol L− 1) 
CAe Exit tank conc. (mol L− 1) 
CCR Catalyst conc. at recycle tank (mol L− 1) 
Cc Catalyst conc. at reactor outlet (mol L− 1) 
v0 Reactor fresh inlet volum. flow (L h− 1) 
v1 Reactor total inlet volum. flow (L h− 1) 
vR Reactor recycle inlet volum. flow (L h− 1) 
V Reactor volume (L) 
Ve Exit tank volume (L) 
NAR Mols in the recycle tank (mol) 
NAe Mols in the exit tank (mol)  
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was sieved (325-mesh sieve) and subjected to calcination in an inert 
atmosphere at 300ºC for a duration of 30 minutes. 

The synthesis of ZnO, ZnO/carbon xerogel, and ZnO/g-C3N4 (2,5% g- 
C3N4, 97,5% ZnO w/w) followed the same method, but with some 
changes in the preparation of solution A: for the production of ZnO, no 
tannin, formaldehyde or g-C3N4 were added; for the ZnO/carbon xero
gel, no g-C3N4 was added; and for the ZnO/g-C3N4, no tannin or form
aldehyde were added. 

2.2. Photocatalytic properties and mechanism evaluation 

Aiming to study and assess the superior activity of the ternary ma
terial compared to its unary (ZnO, g-C3N4) and binary (ZnO/carbon 
xerogel, ZnO/ g-C3N4) counterparts, degradation tests of 4-chlorophenol 
(4CP) were conducted in a jacketed batch reactor under visible radiation 
(Osram Powerstar 400W, with an UV filter) using the mentioned pho
tocatalysts. The use of visible radiation for evaluating the activity of 
photocatalysts is of interest, given the sensitization provided by the use 
of carbon xerogel and g-C3N4 [33]. 0.1 g of photocatalyst was added to 
solutions of 4-chlorophenol (0.5 L, 10 mg L− 1), and the solutions were 
kept in the dark until adsorption equilibrium was reached. After 
reaching equilibrium, the light was turned on, and the experiments were 
carried out for 300 minutes or until the solution reached a null 4CP 
concentration, whichever occurred first. Samples were collected every 
15 minutes for the first hour and subsequently at 30-minute intervals, 
then filtered through disposable 0.22 µm filters, and the concentration of 
4CP in the filtrate was determined using a Shimadzu UV-2600 spectro
photometer at a characteristic wavelength (224 nm) [16]. Moreover, the 
degradation efficiency was calculated for each sample, using Equation 1 
[34]: 

Degradation (%) :
[4CP]initial

(
mg L− 1

)
− [4CP]instant

(
mg L− 1

)

[4CP]initial

(
mg L− 1

) × 100 (1) 

Furthermore, electrochemical impedance spectroscopy was per
formed to better discern the charge transfer behavior of the materials. 
For this purpose, a quartz single-compartment cell with a three- 
electrode system was employed, consisting of a rotating platinum disk 
working electrode, a platinum foil counter electrode, and a saturated 
Ag/AgCl reference electrode. A 0.1 mol L− 1 potassium sulfate solution 
served as the electrolyte in the test, and a PalmSens4 potentiostat was 
used for the measurements [16,35]. The experiments were conducted 
under visible radiation. 

Moreover, diffuse reflectance spectroscopy analysis was conducted 
for the ternary system and its unary (ZnO, g-C3N4) and binary (ZnO/g- 
C3N4, ZnO/carbon xerogel) counterparts. The acquired data were 
employed to assess the absorption ranges of the materials, identify their 
bandgaps and determine the energy levels of the conduction and valence 
bands for the unary materials. The spectra were obtained using a Shi
madzu UV-2600 spectrophotometer equipped with an integrating 
sphere. The acquisition range spanned from 220 to 700 nm, with barium 
sulfate used as the reference material. 

After confirming the superior efficiency of the ternary material, the 
degradation efficiency of 4-chlorophenol (4CP) was also assessed under 
solar radiation (Osram Ultra-Vitalux lamp, 300W) for this photocatalyst 
in a jacketed batch reactor. The aim of these experiments was to 
comprehend the behavior of the ternary photocatalyst under a distinct 
radiation source, which is also of interest, and to facilitate a subsequent 
comparison with the activity observed in the continuous system, which 
constitutes the primary focus of this study. 

Additionally, to investigate the mechanism of active radical gener
ation of the ternary photocatalyst, experiments similar to those 
described earlier were conducted in a jacketed batch reactor under solar 
radiation. However, in these experiments, the following compounds 
were added to act as scavengers: 0.025 mmol L− 1 potassium chromate 
(99% w/w, Synth) as an electron scavenger; 5% v/v isopropanol (99.5% 

w/w Synth) as a hydroxyl radical scavenger; 0.5 L min− 1 nitrogen gas as 
a superoxide scavenger; and 0.5 mmol L− 1 sodium oxalate (99% w/w, 
Dinâmica LTDA.) as a vacancy scavenger. 

Finally, following optimization and the study of photocatalytic 
properties, the ternary material (ZnO/g-C3N4/carbon xerogel) was 
employed for the continuous system study. 

2.3. Characterization 

The ternary material prepared for this study underwent a compre
hensive characterization process employing diverse analytical tech
niques. X-ray diffractometry (XRD) was utilized to identify the 
crystalline phases within the ternary system. This analysis was executed 
using a PANalytical Empyrean X-ray diffractometer equipped with CuKα 
radiation, functioning at 40 kV and 30 mA. The XRD analysis was con
ducted with a step size of 0.026◦ and had an acquisition time of 29.07 
seconds per step, covering the 2θ range from 20 to 70◦. 

The morphology of the composite was inspected through both 
transmission electron microscopy (TEM) and scanning electron micro
scopy (SEM). Transmission electron micrographs were obtained using a 
JEOL JEM-2100 microscope, featuring a Gatan 2K digital camera, 
whereas the scanning electron micrographs were obtained with a TES
CAN MIRA 3 microscope. Elemental composition analysis was carried 
out using energy-dispersive spectroscopy (EDS), for this purpose an 
Oxford spectrometer model Swift ED3000 coupled with the scanning 
electron microscope was used. 

Furthermore, the ternary chemical structure was characterized 
through Fourier-transform infrared spectroscopy (FT-IR), utilizing a 
universal attenuated total reflectance (UATR) accessory on a Perkin 
Elmer Frontier model spectrometer. These analyses were conducted in 
the spectral range of 4000 to 450 cm− 1, with a resolution of 4 cm− 1, 
comprising 16 scans for each analysis. Finally, the structure of the 
photocatalyst was examined through Raman scattering spectroscopy, 
employing a HORIBA LabRAM HR Evolution spectrometer equipped 
with an optical microscope and a λ=532 nm laser. The Raman spectra 
were collected within the 200-1800 cm− 1 range, with an acquisition 
time of 30 seconds and two scans per sample. 

2.4. Continuous reactor system 

The reactional system employed in this work consisted of a contin
uous fluidized bed reactor, as described in Fig. 1. For its construction, a 
quartz reactor (R1) with a volume of 150 mL and an internal diameter of 
2 cm was used. The feed consisted of two tanks: T1 contained the fresh 
inlet solution with the 4CP pollutant (1000 mL of a solution with 10 mg 
L− 1 of 4CP), and T2 contained the recycle solution with an initial 0.2 g of 
the ternary photocatalyst (a fraction of the already processed solution, 
returning to the system for reprocessing). In tank T2, a volume of 200 mL 
of solution was maintained under magnetic stirring for optimal catalyst 
dispersion. The value of the outlet flow rate from T2 was kept equal to 
the value of the inlet flow rate to maintain the volume of T2 constant. 
Two peristaltic pumps were used to control the flows, and silicone hoses 
were used to promote flow between the described parts, totaling a vol
ume of 50 mL. The source of simulated sunlight (Osram Ultra-Vitalux 
lamp, 300W) or visible light (Osram Powerstar 400W, with an UV fil
ter) was positioned 10 cm from the reactor in each case. The experiments 
were conducted in a similar manner as described on topic 2.2, with a 
total length of 300 minutes or until the entire solution in T1 was pro
cessed, whichever occurred first. But for the continuous system, a 
sample was collected at the conclusion of each experiment to ascertain 
the concentration of 4-chlorophenol (4CP). This concentration was then 
utilized in Equation 2 to calculate the degradation efficiency, adhering 
to the same structure outlined in Equation 1 [34]: 
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Degradation (%) :
[4CP]fresh feed

(
mg L− 1

)
− [4CP]exit tank

(
mg L− 1

)

[4CP]fresh feed

(
mg L− 1

) × 100

(2) 

Initially, the effect of the fresh inlet flow rate on the efficiency of the 
photodegradation process was studied. To do so, the fresh inlet flow rate 
was varied from 0.07 to 0.33 L h− 1, and the recycle flow rate was 
maintained at 35 L h− 1. After determining the optimal fresh inlet flow, 
the effect of the recycling rate on the efficiency of the photodegradation 
process was studied. For this purpose, the previously determined 
optimal fresh inlet flow rate was maintained, while the recycle flow rate 
was varied from 10 to 35 L h− 1. 

2.5. Reaction kinetics via computational methods 

To achieve a better understanding of the behavior of the photo
catalyst (ZnO/g-C3N4/carbon xerogel) particles in the continuous reac
tion system, as well as to determine the reaction kinetics of the 
degradation process, mathematical modeling was conducted, aiming to 
propose possible models that could govern the system. 

For this purpose, the reaction A→P was considered, with an assumed 
order of 1, based on recent results obtained by our research group [22]. 
Moreover, the parameters used for the modeling and simulation were 
the same as described for the experimental portion of this study, 
aforementioned in the topic 2.4. Additionally, the integrated equation 
for the molar balance of the fluidized bed reactor discussed here, starting 
from the power law [36], is shown below in Equation 3: 

XA = 1 − exp(− kτ) (3) 

However, the reactor is fed with two streams containing compound 
A, as shown in Equation 4: 

FA1 = FA0 + FAR (4) 

Equations 5-8 represent the calculations of the variables from 
Equation 4: 

FA0 = CA0 v0 (5)  

v1 = v0 + vR (6)  

τ =
V
v1

(7)  

FAR = CAR vR (8) 

The molar flow rate of A at the reactor outlet is calculated as follows 
(Equation 9): 

FA2 = FA1 (1 − XA) (9) 

The balance equations in the recycle and exit tanks are Equations 10 
and (11): 

dNAR

dt
= FAiR − FAR (10)  

dNAe

dt
= FAe (11) 

Where the variables can be calculated as shown in Equations 12-14: 

FAiR = vRCA2 (12)  

CA2 =
FA2

v1
(13)  

FAe = v0CA2 (14) 

The overall conversion (Equation 15) can be calculated in the same 
manner as discussed for Equation 2: 

XAg =

(
CA0 − CAe

)

CA0

(15) 

Where the variables can be calculated as shown in Equations 16-17: 

CAe =
NAe

Ve
(16)  

Ve = v0t (17) 

With the molar balance equations obtained, some situations were 
considered for the investigation of the reaction kinetics based on 
experimentally obtained data for optimizing the fresh inlet flow rate 
(FA0 ): 

Fig. 1. Fluidized bed reactor system.  
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1. The whole catalyst returns to the recycle tank (an ideal situation 
where there is no loss of catalyst at the system’s outlet).  

2. The catalyst at the reactor outlet is divided into the outlet and recycle 
tanks at a ratio that is practically equal to the recycle ratio (as shown 
in Equation 18). 

CCR = 0.99CC
vR

v1
(18)   

The difference between the two cases is that in the first case, the 
obtained k is a constant (comprising the constant catalyst concentra
tion), and, in the second case, there is a dependency of k on the catalyst 
concentration, i.e., a second order reaction is considered: first order for 
the pollutant and first order for the catalyst. 

The system of equations obtained was solved for each case using the 
well-known ordinary differential equation numerical integration algo
rithm, in SciLab version 6.0.0 software [29–31]. The predicted data 
obtained were compared with experimental data obtained at different 
fresh inlet flows (with the recycle fixed at 35 L.h− 1), aiming to find the 
best correlation between the two tested cases (i.e., the highest R2). 

With the best-case defined, simulations were conducted based on it 
for further development of a model to better describe the system. At this 
stage, experimental data obtained during the optimization of the best 
recycle flow rate were used (with the fresh inlet flow fixed at the pre
viously optimized value of 0.07 L h− 1) as basis for the comparison with 
the predicted data to be obtained. 

3. Results and discussions 

3.1. Photocatalytic properties and mechanism evaluation 

Fig. 2 depicts the photodegradation results of 4CP using the ZnO/g- 
C3N4/carbon xerogel, the binary systems ZnO/g-C3N4 and ZnO/carbon 
xerogel, and the unary systems ZnO and g-C3N4 in a jacketed batch 
reactor under visible radiation. It is possible to acknowledge that g-C3N4 
presented the worst degradation results for 4CP, which was already 
expected, due to its high recombination rates [17,37,38]. ZnO, in turn, 
exhibited higher photocatalytic efficiency compared to g-C3N4, despite 
its known low absorption of visible light and high recombination rate 
[14–16,39]. This result can be explained by the presence of oxygen 
vacancies, leading to the creation of an isolated defect state below the 

conduction band of ZnO, which likely contributes to higher activity 
under visible radiation [40,41]. 

However, when comparing pure ZnO with ZnO/g-C3N4, the binary 
system exhibited better efficiency, likely explained by the decrease in 
the recombination rate induced by the formation of the heterojunction 
between the semiconductors. The ZnO/carbon xerogel binary system 
also demonstrated improved efficiency compared to pure ZnO, indi
cating that the choice of carbon xerogel for the construction of the 
system is a promising alternative to improve photocatalytic efficiency. 
This behavior can be explained primarily due to its visible-light sensi
tization capacity, high specific surface area, and electron sink effect 
[33]. 

Moreover, it can be noted the best efficiency results were achieved by 
the ZnO/g-C3N4/carbon xerogel photocatalyst, with a final 4CP degra
dation percentage of 54.86% after 300 minutes. This outcome can be 
attributed to the enhanced efficiency of charge transfer and the dimin
ished recombination rate of the electron/hole pairs, resulting from the 
synergistic effect of the heterojunctions formed within the composite. 

Subsequently, electrochemical impedance spectroscopy analysis was 
conducted to better understand the charge transfer behavior among the 
tested materials. As shown in Fig. 3A, it can be observed that the test 
utilizing the ZnO/g-C3N4/carbon xerogel ternary exhibited the smallest 
arc radius, indicating lower resistance to charge transfer under visible 
light, which can be correlated with the enhanced separation of photo- 
generated charges and improved photodegradation efficiency, thus 
demonstrating the positive effect of the heterojunctions formed in the 
system [42,43]. The results of the other materials also align with the 
efficiencies observed in the photodegradation of 4-chlorophenol under 
visible radiation displayed in Fig. 2. 

Fig. 3B displays the diffuse reflectance spectra for the tested mate
rials. The ZnO/g-C3N4/carbon xerogel and ZnO/carbon xerogel absorb 
radiation over a broader range than ZnO and g-C3N4 and ZnO/g-C3N4, 
which highlights the beneficial effect of the carbon xerogel on the op
tical properties of the developed materials [22,33,44]. Additionally, 
pure ZnO shows a small range of visible light absorption between 400 
and 450 nm, which aligns with what has been observed and discussed 
regarding its degradation efficiency under visible light. For the calcu
lation of bandgap energy, a methodology proposed by Ghobadi (2013) 
[45] was employed, resulting in bandgaps of 3.24 eV, 3.24 eV, 3.19 eV, 
3.22 eV and 3.02 for ZnO/g-C3N4/carbon xerogel, ZnO/carbon xerogel, 
ZnO/g-C3N4, ZnO and g-C3N4, respectively. All materials containing 
zinc oxide exhibit a comparable bandgap, consistent with literature 
findings (3.2 eV [46]). The pure g-C3N4 similarly aligns with 
literature-reported values, with a documented bandgap of 3.0 eV [47]. 

Furthermore, these data were employed to determine the energy 
levels of the valence and conduction bands of g-C3N4 and ZnO, in order 
to better analyze the charge separation mechanism at the heterojunction 
formed in the ternary system. For this purpose, Equations 19 and 20 
were utilized [12,33,39,48]: 

ECB = X − Ee − 0.5Eg (19)  

EVB = ECB + Eg (20)  

where X is the electronegativity of each material (Xg-C3N4 = 4.72 eV and 
XZnO = 5.75 eV) [33,49], ECB and EVB correspond to the energies in the 
conduction and valence bands of each material, and Ee is the energy of 
free electrons vs. hydrogen (Ee = 4.5 eV) [33]. The results obtained for 
the band energies in the unary systems are shown in Table 1. 

After determining the best material for the degradation of 4CP, un
derstanding its charge transfer behavior and finding its band structure, 
the ZnO/g-C3N4/carbon xerogel was subjected to a test in the same 
jacketed batch reactor system previously utilized, but under solar radi
ation. From Fig. 4, it is possible to observe that the degradation effi
ciency under solar radiation showed a better response compared to the 
results under visible radiation after 300 minutes, with degradation Fig. 2. Photodegradation of 4CP under visible radiation in a batch jacketed 

reactor using ternary, binary, and unary semiconductors. 
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percentages of 93.05% and 54.86%, respectively. This is explained by 
the presence of ultraviolet light in the spectrum of the simulated sun
light, as this type of radiation is known to lead to a facilitated photo
excitation process due to its higher energy [33]. 

Following the simulated solar radiation tests, analyses were con
ducted to propose a possible mechanism for active radical generation 
involved in the system. Fig. 5 shows the tests with scavenging agents, 
which depict that hydroxyl radicals have the greatest influence on the 
reaction, since with the addition of isopropanol, there was a decrease in 
the photodegradation efficiency of 4CP with the ternary material from 
67% to 13%. However, electrons and superoxide radicals also demon
strate a significant effect on degradation efficiency, while the suppres
sion of vacancies exhibits the least intense effect. A potential mechanism 
proposed for the formation of active radicals in the system is described 
in Equations 21-27 [40,50,51]. 

Photocatalyst + λ→e− + h+ (21)  

H2O + h+→ ⋅OH + H+ (22)  

O2 + e− →O⋅−
2 (23)  

⋅OH + ⋅OH→H2O2 (24)  

e− + O⋅−
2 + 2H+→H2O2 (25)  

e− + H2O2→ ⋅OH + OH− (26)  

H2O2 + O⋅−
2 → ⋅OH + O2 + OH − (27) 

The influence of the route depicted in Equation 22 can be readily 
understood through the dependence of degradation efficiency on the 
presence of hydroxyl radicals (degrading the pollutant). However, as the 
suppression of electrons and superoxides yielded similar results in terms 
of photodegradation efficiency, it is possible to assert that the reduction 
pathway of adsorbed oxygen Equation 23) also plays a role in the re
action, either for the potential degradation of pollutants with the formed 
superoxide or, more likely, for the generation of hydroxyl radicals from 
the formed superoxide (Equations 25-(27). Moreover, despite the 
counterintuitive low effect of vacancies, the result can be explained by 
the reduction in the recombination of photo-generated charges relative 
to vacancy suppression, resulting in a higher concentration of electrons 
in the medium, favoring Equation 23. This can compensate for the lack 

Fig. 3. A) Electrochemical impedance spectroscopy tests under visible radiation; B) Diffuse reflectance spectra for ZnO/g-C3N4/carbon xerogel, ZnO/carbon xerogel, 
g-C3N4 and ZnO. 

Table 1 
Band energy values for the unary materials  

Material ECB (eV) EVB (eV) 

g-C3N4 -1.29 1.73 
ZnO -0.36 2.86  

Fig. 4. Comparative study of the final degradations obtained from the ternary 
material for different light radiations in the jacketed batch reactor. 

Fig. 5. Evaluation of the effect of adding suppressors for active radicals on the 
photocatalytic activity of 4CP using ZnO/g-C3N4/carbon xerogel in a batch 
jacketed reactor under solar radiation. 
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of hydroxyl radical generation via Equation 22, as previously 
mentioned. 

Furthermore, using the data from Table 1 and considering a possible 
direct type-Z heterojunction, the electric field formed between ZnO and 
g-C3N4, due to the proximity of the semiconductors and interaction of 
the present charges, induces recombination of electrons and vacancies 
with lower redox abilities (ZnO conduction band = -0.36 eV and g-C3N4 
valence band = 1.73 eV), thus preserving the photo-generated electrons 
in the conduction band of g-C3N4 (-1.29 eV) and vacancies in the valence 
band of ZnO (2.86 eV), consistent with the formation of the hetero
junction discussed in the results of electrochemical impedance spec
troscopy [33,52]. Finally, vacancies in the valence band of ZnO can 
promote the formation of hydroxyl radicals (E0 = 2.7 V vs. NHE), and 
electrons in the conduction band of g-C3N4 can promote the reduction of 
adsorbed oxygen to superoxide (E0 = -0.285V vs. NHE), in agreement 
with the results of tests using scavengers discussed earlier [33,53–55]. 

After determining that ZnO/g-C3N4/carbon xerogel is the photo
catalyst with the highest photocatalytic efficiency and analyzing its 
charge transfer behavior, as well as the mechanism of active radical 
generation, the composite was then thoroughly characterized, followed 
by the proposed study in the fluidized bed reactor. 

3.2. Characterization 

The results obtained in the XRD analysis are illustrated in Fig. 6A. In 
the diffraction pattern of ZnO/g-C3N4/carbon xerogel, it is possible to 
observe peaks at 31.9◦, 34.7◦, 36.5◦, 47.8◦, 56.8◦, 63◦, 66.6◦, 68.2◦, and 
69.2◦. The observed peaks are related to the zinc oxide’s hexagonal 
phase (Wurtzite), but with slight shifts, as can be seen from the ZnO 
(wurtzite) standard data (JCPDS 36-1451). This difference indicates a 
distortion of the crystal lattice of the material, which can be attributed to 
the incorporation of carbon atoms into the ZnO’s crystalline structure; 
this result can be explained by the diffusion of carbon through the ZnO’s 
(Wurtzite) structure, caused by the heat treatment to which the samples 
were subjected [21,56]. Furthermore, Zn-N bonds can be formed from 
the chemical bonding between the hydroxyl groups of ZnO and the 
triazine amino group of g-C3N4, which can also contribute to the 
distortion observed in the position of the ternary peaks relative to the 
standard ZnO, due to the insertion of nitrogen into the ZnO lattice [22, 
57]. 

In the IR spectra of ZnO/g-C3N4/carbon xerogel and g-C3N4 (Fig. 6B), 
peaks are observed at 810, in the range of 900 to 1700, and broader 
peaks between 3000 and 3500 cm− 1. At 810 cm− 1, the peak can be 
attributed to the characteristic vibration of the tri-s-triazine unit [58], 

while in the range of 900 to 1700 cm− 1, the stretching of vibration 
signals from the C-N and C=N bonds present in g-C3N4 can be observed 
[59]. The broad peaks close to 3250 cm− 1 are associated with N-H bonds 
along with the stretching vibrations of O-H bonds present in water 
molecules adsorbed on the material’s surface [58,59]. ZnO’s presence 
can be confirmed through the appearance of characteristic bands at 700 
and 900 cm− 1, indicative of the bonds formed between zinc and oxygen, 
inherent to the ZnO structure [33,60]. Fig. 7A, B show the micrographs 
obtained for the developed photocatalyst, whereas Fig. 7C, D, E, F, G 
display the elemental mapping obtained by energy dispersive 
spectroscopy. 

Observing the micrographs of the semiconductor (Fig. 7A, B), it is 
possible to notice that the ternary compound exhibits nanoscale parti
cles with a shape resembling spheres. This shape may have been 
inherited from the structure of ZnO, as it has been reported to be 
composed of nanoscale particles with spherical shapes [21,22]. 

The results obtained in the elemental mapping of the semiconductor 
(Fig. 7D, E, F, G) indicate that, for the studied sample, there is a ho
mogeneous distribution of elements on the composite’s surface. This 
distribution can lead to an enhancement in the photocatalytic efficiency 
of the ternary composite, as it facilitates the charge transfer at the het
erojunction between each component, thus promoting the separation of 
the electron pairs generated through photonic excitation [21]. 

Raman spectroscopy was performed to corroborate the presence of 
the semiconductors on the studied composite (ZnO/g-C3N4/carbon 
xerogel). Fig. 8 shows the spectra for the ternary, in which the peaks at 
260, 330, 437 and 572 cm− 1 can respectively be correlated to the B1 
(low) silent mode, E2 (high) – E2 (low) mode, E2 (high) mode [22,61] 
and A1 (low) mode for the zinc oxide [22,61]. The wide peak in the 
spectral range of 1050 to 1200 cm− 1 is indicative of the acoustic com
bination of the A1 and E1 modes in zinc oxide [22,62], while the peak at 
1380 correspond to the carbon D-band, and, at 1580 cm− 1, the peak is 
attributed to the carbon G-band [63]. 

3.3. Determination of flow parameters and computational determination 
of reaction kinetics 

3.3.1. Experimental results 
Fig. 9 shows the results obtained for the variation of fresh inlet flow 

rate and recycle rate during the photodegradation tests. 
According to Fig. 9A, it was possible to observe that with the vari

ation made in the fresh inlet flow rate of the fluidized reactor for 4CP 
degradation with solar radiation (whilst keeping the recycle flow rate at 
35 L h− 1), the system’s behavior led to a decrease in the degradation 

Fig. 6. (A) Diffractogram of the ZnO/g-C3N4/carbon xerogel photocatalyst; (B) IR spectra of ZnO/g-C3N4/carbon xerogel.  
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percentage as the inlet flow rate increased, and the optimum flow rate 
obtained was at 0.07 L h− 1, with a degradation efficiency percentage of 
41.21%. These results can be explained by the reduction in the contact 
time between the catalyst and the pollutant caused by the increase in the 
inlet flow rate, in line with several studies in the literature [64–66]. This 
behavior also leads to the conclusion that if lower flow rates were 
adopted, higher degradation efficiencies would have probably been 
obtained, however, 0.07 L h− 1 was the minimum flow rate value that 
could be sustained by the pump employed in the system. 

In determining the ideal recycle rate associated with the highest 
degree of 4CP degradation, the best fresh inlet flow rate previously 
stated (0.07 L h− 1) was maintained throughout the entire process. 
Fig. 9B shows that, at a recycling rate of 25 L h− 1, the highest efficiency 
of the photodegradation process was achieved (47.8%). According to 

Table 2, it is possible to denote that an increase in the recycle flow is 
directly related to a decrease in the residence time of the reaction 
mixture and embedded catalyst. This result is in line with the decrease in 
degradation efficiency found at recycle values greater than 25 L h− 1, 
since free radicals have less time to react with the pollutant [67]. 
However, for recycle flows less than 25 L h− 1, the decrease in degra
dation efficiency is explained by the lower dispersion of the catalyst 
obtained, which can lead to greater particle agglomeration and a 
consequent reduction in degradation efficiency. 

3.3.2. Reaction kinetics via computational simulation 
The modeling of conversion as a function of fresh feed flow rate was 

studied in two ways as described earlier. In the first scenario, an ideal 
situation was considered in which the whole catalyst returns to the 
recycle tank, meaning there is no catalyst loss. In this situation, it was 
assumed that the degradation reaction profile was first-order, and as a 
result, a single value of specific rate constant was obtained, k =

0.494 h− 1. 
In the second situation, the following assumption was made: the 

catalyst at the reactor outlet is divided between the exit and recycle 
tanks in a ratio nearly equal to the recycle ratio as described in Equation 
18. In this case, the degradation reaction profile was of second order, 
where the specific reaction rate obtained varies with catalyst concen
tration as described in Equation 28: 

k = 5, 2Cc h− 1 (28) 

The results obtained from modeling conversion as a function of fresh 
feed flow rate are illustrated in Fig. 10A, B, along with their correlation 
factors. Observing the results, it is possible to verify that the second 
approach yielded better results, thus demonstrating that there is indeed 
a catalyst loss in the exit tank. 

Starting from the better-suited model (situation 2, R2 = 0,910), two 
distinct approaches for the specific reaction rate were again considered 
to further assess the system’s behavior: 

Fig. 7. A) Scanning electron micrograph (50000x) of ZnO/g-C3N4/carbon xerogel photocatalyst; B) Transmission electron micrograph (500000x) of the ZnO/g- 
C3N4/carbon xerogel photocatalyst; Elemental mapping of ZnO/g-C3N4/carbon xerogel: (C) micrograph, (D) carbon distribution, (E) oxygen distribution, (F) zinc 
distribution, and (G) nitrogen distribution in the matrix. 

Fig. 8. Raman spectra of ZnO/g-C3N4/carbon xerogel.  
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The first approach considers that the parameter k depends on the 
catalyst concentration in the reactor, as described in Equation 28, and 
that the catalysis efficiency does not depend on the reactor’s feed flow 
rate. 

The second approach also considers that the specific reaction rate 
depends on the catalyst concentration but assumes that the catalysis 
efficiency is influenced by the feed flow rate. Therefore, a normal dis
tribution for the catalyst concentration was used. This approach was 
chosen as it is semi-empirical, allowing for modeling even with a limited 
amount of data to study the mass transport effects. This distribution 
considers low efficiency for low flow rates (incapable of dispersing the 
particles), high efficiency for intermediate flow rates (dispersed parti
cles and low bed porosity), and low efficiency for high flow rates (high 
bed porosity). The parameter k is given by Equation 29: 

k =
27

15
̅̅̅̅̅
2π

√ exp

[

−
1
2

(
vR − 25

15

)2
]

h− 1 (29) 

Analyzing the results presented in Fig. 10C, D, it is possible to see 
that the second approach yielded better results, thus demonstrating that 
the catalysis efficiency also depends on the reactor’s feed flow rate. 

3.4. Photocatalytic efficiency evaluation 

Once the optimal fresh inlet feed and recycle flow rates of the reactor 
were obtained, a study was conducted to assess the ternary’s efficiency 
in degrading the pollutant under both solar and visible radiation in the 
fluidized bed reactor. The results obtained are illustrated in Fig. 11, and 
it is evident that the test conducted under solar radiation yielded better 
results when compared to the tests under visible radiation, similar to 
what was observed and discussed for the batch reactor tests (Fig. 4). 

Upon analyzing the results from Fig. 11 and comparing them with 
those obtained for the batch system, as shown in Fig. 4, it can be 
observed that a lower efficiency was achieved for the degradation of 4CP 
in the continuous system. There was a reduction of 45.28% and 23.88% 

when shifting from the batch to the continuous system for solar and 
visible radiation, respectively. This decrease was also noted when 
comparing the data from Fig. 11 with those obtained in previous work 
[22], resulting in a decrease of 44.23% (92.00% to 47.77%) and 41.02% 
(72.00% to 30.98%) when transitioning from the batch to the contin
uous system for solar and visible radiation, respectively. A recent study 
showed similar results [68], in which, for the degradation of berberine 
hydrochloride, the photocatalysts M-TiO2 (TiO2 modified with oleic 
acid) and M-TiO2/Zr-SiO2/g-C3O4 were used in two systems, batch and 
continuous, with solar radiation. For both photocatalysts, a decrease in 
degradation efficiency was observed when transitioning from the batch 
system to the continuous system (31.52% to 5.79% for M-TiO2 and 
96.85% to 34.83% for M-TiO2/Zr-SiO2/g-C3O4). 

These differences may be linked to the fact that, in continuous re
actors, the reactants have shorter residence times relative to the catalyst, 
which can affect efficiency. Additionally, as previously shown in the 
modeling and simulation results (topic 3.3.2), there is a loss of catalyst 
over time. In batch processes, on the other hand, reactants can be kept in 
contact with the catalyst for longer periods, thereby promoting the re
action [69–71]. Moreover, continuous reactors, even though they 
exhibit lower efficiency in degradation, still have several advantages 
compared to batch reactors, among which are reliable scalability, 
enhanced reaction selectivity, improved reproducibility, rapid mixing, 
efficient heat exchange and increased safety of operation [25]. 

4. Conclusion 

In conclusion, the ternary material ZnO/g-C3N4/carbon xerogel 
demonstrated superior efficacy compared to its binary and unary 
counterparts in the photodegradation of 4CP. This superiority can be 
attributed to its enhanced charge transfer capability, lower recombina
tion rate of electrons and vacancies with higher redox abilities, and 
broader absorption range under visible radiation. The improved per
formance is elucidated by the formation of a direct type-Z hetero
junction between ZnO/g-C3N4 and addition of carbon xerogel to the 
system. Furthermore, the photodegradation of 4CP exhibited enhanced 
results under solar radiation in both batch and continuous systems, and 
the reaction efficacy proved to have high dependence of hydroxyl rad
icals. The characterizations performed confirmed the presence of the 
intended components in the ternary and their structural features 
through the analysis of their crystalline structure, morphology, 
elemental composition, and chemical structure. Furthermore, the vari
ation in the tested flow parameters for the fluidized bed reactor exerted 
a substantial impact on the degradation efficiency in the process. In tests 
related to the variation of the fresh inlet flow rate, the photocatalytic 
efficiency was inversely proportional to its increase, with the best 

Fig. 9. Optimization of flow parameters in fluidized bed reactor: A) 4CP degradation efficiency by the ternary catalyst at different fresh inlet flow rates; B) 4CP 
degradation efficiency by the ternary catalyst at different recycle flow rates. 

Table 2 
Reaction mixture residence time in the fluidized bed reactor for different recy
cling flows with a fixed value of 0.07 L.h− 1 for the fresh inlet flow rate  

Recycling flow (L.h− 1) Reaction mixture residence time (h.10− 3) 

10 14,9 
15 9,95 
20 7,47 
25 5,98 
30 4,99 
35 4,28  
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degradation achieved at the lowest tested value (0.07 L h− 1). This 
conclusion was also observed in the simulation results, which, in addi
tion, showed that there is a dependence of the reaction’s specific rate on 
the concentration of the photocatalyst in the medium. Moreover, for the 
variation in the recycle flow rate, the best degradation efficiency was 
obtained at 25 L h− 1. In this case, the behavior of the results indicated 
that both lower and higher flow values negatively affected the 

degradation efficiency. This aligns with the results of the simulation 
conducted for this test, which described that the system depends not 
only on the catalyst concentration but also on how the catalyst efficiency 
is influenced by the feed flow rate (recycle flow rate representing most of 
the total reactor inlet flow rate in this study). For recycle flow rates 
greater than 25 L h− 1, the system is affected by the shorter contact time 
between the catalyst and the reactive medium, while for lower flow 
rates, the system is affected by the difficulty in dispersing the catalyst in 
the medium. 
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[61] R. Cuscó, E. Alarcón-Lladó, J. Ibáñez, L. Artús, J. Jiménez, B. Wang, M.J. Callahan, 
Temperature dependence of Raman scattering in ZnO, Phys. Rev. B 75 (2007), 
165202, https://doi.org/10.1103/PhysRevB.75.165202. 

[62] R. Zhang, P.-G. Yin, N. Wang, L. Guo, Photoluminescence and Raman scattering of 
ZnO nanorods, Solid State Sci. 11 (2009) 865–869, https://doi.org/10.1016/j. 
solidstatesciences.2008.10.016. 

[63] S.K.Das Shilpa, M.A.F. Afzal, S. Srivastava, S. Patil, A. Sharma, Enhanced electrical 
conductivity of suspended carbon nanofibers: effect of hollow structure and 
improved graphitization, Carbon N. Y. 108 (2016) 135–145, https://doi.org/ 
10.1016/j.carbon.2016.06.103. 

[64] W. Abou Saoud, A.A. Assadi, M. Guiza, A. Bouzaza, W. Aboussaoud, A. Ouederni, 
I. Soutrel, D. Wolbert, S. Rtimi, Study of synergetic effect, catalytic poisoning and 
regeneration using dielectric barrier discharge and photocatalysis in a continuous 
reactor: abatement of pollutants in air mixture system, Appl. Catal. B Environ. 213 
(2017) 53–61, https://doi.org/10.1016/j.apcatb.2017.05.012. 

[65] Y. Li, J. Chen, J. Liu, M. Ma, W. Chen, L. Li, Activated carbon supported TiO2- 
photocatalysis doped with Fe ions fo continuous treatment of dye wastewater in a 
dynamic reactor, J. Environ. Sci. 22 (2010) 1290–1296, https://doi.org/10.1016/ 
S1001-0742(09)60252-7. 

[66] O. Sacco, M. Matarangolo, V. Vaiano, G. Libralato, M. Guida, G. Lofrano, 
M. Carotenuto, Crystal violet and toxicity removal by adsorption and simultaneous 
photocatalysis in a continuous flow micro-reactor, Sci. Total Environ. 644 (2018) 
430–438, https://doi.org/10.1016/j.scitotenv.2018.06.388. 

[67] T. Mohapatra, P. Ghosh, Photo-Fenton remediation of textile wastewater in 
fluidized-bed reactor using modified laterite: hydrodynamic study and effect of 
operating parameters, Chem. Eng. J. 473 (2023), 145324, https://doi.org/ 
10.1016/j.cej.2023.145324. 

[68] Y. Yu, X. Hu, M. Li, J. Fang, C. Leng, X. Zhu, W. Xu, J. Qin, L. Yao, Z. Liu, Z. Fang, 
Constructing mesoporous Zr-doped SiO2 onto efficient Z-scheme TiO2/g-C3N4 
heterojunction for antibiotic degradation via adsorption-photocatalysis and 
mechanism insight, Environ. Res. 214 (2022), 114189, https://doi.org/10.1016/j. 
envres.2022.114189. 

[69] M. Shen, G. Zhang, J. Liu, Y. Liu, J. Zhai, H. Zhang, H. Yu, Visible-light-driven 
photodegradation of xanthate in a continuous fixed-bed photoreactor: 
experimental study and modeling, Chem. Eng. J. 461 (2023), 141833, https://doi. 
org/10.1016/j.cej.2023.141833. 

[70] Y. Serhane, N. Belkessa, A. Bouzaza, D. Wolbert, A.A. Assadi, Continuous air 
purification by front flow photocatalytic reactor: modelling of the influence of 
mass transfer step under simulated real conditions, Chemosphere 295 (2022), 
133809, https://doi.org/10.1016/j.chemosphere.2022.133809. 

[71] S. Sarkar, C. Bhattacharjee, S. Sarkar, Studies on the performance of annular photo 
reactor (APR) for pharmaceutical wastewater treatment, J. Water Process Eng. 19 
(2017) 26–34, https://doi.org/10.1016/j.jwpe.2017.07.006. 

M.E.V. Gouvea et al.                                                                                                                                                                                                                           


