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Abstract

The degradation of pollutants in a planar continuous flow photocatalytic microreactor was
simulated using COMSOL Multiphysics. The Langmuir-Hinshelwood model was proposed to
describe the available experimental data for the reaction kinetics of cephalexin (CEX) degradation
from aqueous solution using the Bi,WOe/CNT/TiO> photocatalyst, and the kinetic constants of this
model were evaluated. The predicted results for the breakthrough curves of this pollutant at the
microreactor outlet were compared with experimental data. The mean absolute error between the
model and experimental values at inlet CEX concentrations of 30, 40, 50, and 60 mg/L was 3.3%,
indicating a good model prediction. The parametric study results indicate that increasing the length
of the microreactor from 50 to 100 mm enhances the removal efficiency from 82 to 97%.
Additionally, reducing the microreactor depth from 300 to 100 pum increases the removal
efficiency from 82 to 92%. The calculated Damkdhler number under the optimal experimental
conditions was 0.42, indicating that the photocatalytic process is primarily controlled by reaction

kinetics rather than mass transfer limitations.
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1. Introduction

Increasing water consumption to meet agricultural, industrial, and urban needs threatens global
water security [1]. Antibiotics, as one of the most important medicinal compounds, are widely
used in medical activities worldwide. However, antibiotics cannot be completely metabolized in
human or animal bodies and are released into the environment, causing them to spread into water
and soil, which poses serious health risks [2,3]. Therefore, water and wastewater treatments

become essential to mitigate water scarcity. Conventional wastewater treatment processes often
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fail to reduce the concentration of toxic or resistant organic substances below acceptable levels,
necessitating the adoption of more effective treatment technologies [4]. Therefore, the use of
heterogeneous photocatalysts, in which the reactants and catalyst exist in different phases, has
gained significant attention for removing organic pollutants from water. This method can achieve
mineralization of pollutants at minimal cost [5]. Among the reactors used for photocatalytic
removal, microreactors have attracted considerable attention over the past two decades due to their
enhanced ability to rapidly remove pollutants from water and wastewater. Microreactors offer
numerous advantages, such as a high surface area to volume ratio, short molecular penetration
path, uniform light distribution, and reduced reaction time compared to conventional reactors [6,7].
Computational fluid dynamics (CFD) has proven to be an efficient and cost-effective tool in
engineering, particularly in the development and modeling of photocatalytic reactors. CFD
considers mass transfer, momentum transfer, and reactions kinetics to accurately predict the
performance of heterogeneous photocatalytic reactors [8,9]. Modeling and CFD can contribute to
better design and cost reduction in water and wastewater treatment research [10,11]. Hasanpour et
al. [12] investigated the degradation performance of methyl orange using a Cellulose/Zinc oxide
hybrid aerogel through modeling with MATLAB and COMSOL Multiphysics software. Their
results showed good agreement between the experimental data and the predicted numerical values.
Numerical modeling confirmed that the CA/Zn0O-0.4 case was introduced as the best case due to
faster maximum degradation efficiency being achieved. Orozco et al. [13] coupled a radiative
transfer model to a first-order kinetic model for estimating dye concentration decay in a batch type
hydrodynamic operation with a recirculation system. They validated this model with the
experimental data on the degradation of Reactive Blue 69 anthraquinone with a TiO2 photocatalyst,
showing good agreement with the experimental results. Asgharian et al. [14] studied the
degradation of tetracycline using an rGO/ZnO/Cu photocatalyst in a stirred photoreactor, solving
the mass transfer, momentum transfer, and reaction kinetics equations. The model predictions
matched well with the experimentally measured concentrations. The study by Corbel et al. [15]
focused on both experimental and computational studies of mass transfer in a microchannel
photocatalytic reactor, focusing on the degradation of cephalexin (CEX) using TiO2 nanoparticles
as an immobilized photocatalyst. Their simulations agreed well with the experimental results, and
they developed a correlation for Sherwood number determination that can be applied to different

microchannel configurations. In another study, Jayamohan et al. [16] evaluated a planar



microreactor employing a titanium nanotube array and TiO2 nanopowder as photocatalysts. Their
investigation of methylene blue degradation revealed the superior performance of the titanium
nanotube array over TiO, nanopowder. Simulations indicated that CEX degradation in the
microreactor is not hindered by mass transfer limitations. Satuf et al. [17] developed a simple
method to obtain the intrinsic kinetic constants for first-order reactions in a photocatalytic
microreactor, evaluating the degradation of clofibric acid under different flow rates and radiation
fluxes using a TiO> photocatalyst. Their results showed good agreement between the model and
experimental data. Behineh et al. [18] simulated photocatalytic pollutant removal in four
microreactors, with results consistent with experimental data on methylene blue removal in
microcapillary reactors and dimethylformamide and salicylic acid in microchannel reactors. The
Langmuir-Hinshelwood model described the kinetic rate, with parametric studies showing
increased removal efficiency with greater microreactor length and decreased depth. Corbel et al.
[19] investigated the photocatalytic performance of ZnO in removing ifosfamide pollutants with
different initial concentrations in a spiral microreactor. By simulating the photocatalytic
experiments, they calculated the Langmuir-Hinshelwood model constants and the Damkdohler
number, indicating mass transfer limitations. Yusuf et al. [20] studied the performance of N-
TiO2/rGO photocatalyst in the degradation of 4-nitrophenol at different initial concentrations and
under simulated sunlight in a plate structure microreactor. They also designed a model for
predicting laboratory results by using computational fluid dynamics using COMSOL
Multiphysics, the results were in good agreement with the experimental data. Yusuf et al. [21]
investigated the modeling of a photocatalytic parallel channel microreactor for the degradation of
4-nitrophenol. They examined the effects of the initial concentration of 4-nitrophenol, flow rate,
and length on the degradation percentage using COMSOL Multiphysics software. The simulation
results showed that changing the initial concentration affects the initial degradation rate. Increasing
the flow rate reduces the percentage of degradation, and increasing the length of the channel leads
to an increase in the percentage of degradation. In a study conducted by Rabanimehr et al. [22],
they studied the simulation of photocatalytic degradation of methylene blue in a continuous flow
planar microreactor. Their simulation was performed by COMSOL Multiphysics and the
Langmuir-Hinshelwood kinetic model was considered for the photocatalytic degradation

reactions. Moreover, the effects of microreactor depth and inlet flow rate on the degradation of



methylene blue were investigated and the results showed that microreactors had lower depth and

flow rate will have higher efficiency.

This study is carried out on two-dimensional simulation of the photocatalytic degradation of
pollutants from polluted water in a plate microreactor by COMSOL Multiphysics. The predicted
pollutant concentration at each residence time is confirmed by the available experimental data on
the photocatalytic degradation of CEX reported in [23]. A parametric study is conducted to

investigate the effect of geometric size of the microreactor on the CEX photodegradation rate.

2. Case Study

According to our previously published research [23], the microreactor used in this study has a flat
design and plate structure. As shown in Fig. 1, the microreactor consists of two stainless steel
plates, one containing the reaction chamber and inlet and outlet connections, and the other
containing a rectangular window to hold the glass cover. The flow rate of the contaminant solution
entering the microreactor is provided and controlled by a syringe pump. The dimensional
specifications of the microreactor and operating conditions are given in Table 1. A series of
experiments were conducted for CEX adsorption and degradation from contaminated water using
Bi2WOe/CNT/TiO2 (BCT) photocatalyst in this microreactor [23]. The photocatalyst was
synthesized by hydrothermal method and then loaded on chitosan nanofibers in the presence of
glutaraldenyde (GA) as a cross-linking agent. To perform the photocatalytic reactions in a
microreactor fixed with the BCT photocatalyst, a 20 W xenon lamp was used as a source of UV-
visible light radiation, and the light reached the nanofibers containing photocatalyst from the glass
window located on the upper surface of the microreactor, and photocatalytic reactions were
performed. In this study, the values of density, viscosity, diffusion coefficient of CEX, surface
reaction rate constant, and absorption constant are considered to be 1000 kg/m?, 0.001 kg/m.s,
4.56x1071% m?/s [24], 0.68 mg/L.s, and 0.023 L/mg, respectively [23].

Fig. 1

Table 1



3. Simulation
3.1. Assumptions
The model incorporates several key assumptions:

e The dilution of the solution has incorporated the physical properties of water into the model
framework.

e The model operates under steady-state conditions.

e The catalyst surface is considered smooth.

e The photocatalyst is coated only on the bottom surface of the microreactor channel.

e The flow within the microreactor is considered to be single-phase.

e The fluid exhibits Newtonian behavior and is considered incompressible.

e Mass transfer by convection and molecular diffusion is considered in the axial and vertical
directions, respectively.

e It is assumed that there is no pollutant concentration gradient in the lateral direction of the
channel where the walls are not coated with photocatalyst. Therefore, the 2D simulation has

enough accuracy to obtain the results.

3.. Governing equations
The simulation of laminar flow within the microreactor utilizes the Navier-Stokes equations for
momentum conservation and the continuity equations for mass conservation.

uvVu=-Vp+uViu (1)

PV U=0 @)

In these equations, u, p, W, and p represent the velocity field of the flow, the density of the fluid,
the dynamic viscosity of the fluid, and the pressure within the fluid, respectively. Additionally, the
mass transfer of species within the microreactor is described using a convection-diffusion

equation.
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where, c; is defined as the concentration of a particular species, while Di stands for the diffusion
coefficient associated with that species. Eqg. (3) incorporates the assumption of a steady-state
condition. Furthermore, the process of pollutant removal is characterized using the Langmuir-
Hinshelwood kinetic model. This model, which combines aspects of adsorption Kinetics, is widely

applied in research on photocatalytic elimination of organic contaminants in water [26].

r = kLHa KCS
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where, KLna (Mol/m?.s) is the surface reaction rate constant (5.8x10°7" mol/mZ2.s), K (m*/mol) is the
adsorption constant (8.045 m*/mol) and cs is the pollutant surface concentration.

3.3. Boundary conditions

The volumetric flow rate and pollutant concentration at the inlet of the microreactor are known,
and the no-slip boundary condition is applied to the channel surfaces. The gauge pressure of the
fluid at the outlet of the microreactor is zero, and the concentration gradient of the pollutant at the
outlet of the microreactor is zero. On the surface of the catalyst, according to the mentioned

assumptions, the following conditions are considered:

rL=-D,Vc, )

4. Geometry and meshing

The photodegradation of the pollutant was simulated in a 2D domain using the finite element
method using COMSOL Multiphysics software version 6. The computations were performed on a
computer with Intel® Core™ i7-4500U CPU @ 2.40 GHz and installed memory (RAM) 6 GB.
The geometry drawn in the software is given in Fig. 2. Here, the finite element method (FEM) was
employed for the numerical simulation. A triangular mesh with a normal distribution of elements

was utilized to discretize the computational domain.



4.1. Mesh independency analysis

Mesh independence analysis was performed for three types of grid systems with a different number
of elements. The results of this analysis are given in Table 2. The accuracy of the obtained results
is verified based on the available experimental data. The best network is the normal network type,
with a reasonable number of elements and very accurate results compared to the available

experimental data, so this type of network is chosen for research simulation.

Table 2

Fig. 2

5. Results and discussion
5.1. Validation of the proposed model

The simulations predicted the average output concentration of the CEX pollutant in the
microreactor for various residence times. To evaluate the accuracy of the model, the average
absolute deviation percentage (ADD%) was calculated, comparing the model predictions with the

available experimental data, as outlined in Eg. (6).

apD =1 > e - (6)
n

i i
i=1

The pollutant degradation efficiency is defined as Eq. (7):

X = (%j x100 @)

0

where, C, and C,,; represent the inlet and outlet concentrations of CEX in the microreactor,
respectively. Fig. 3 shows the predicted and experimental CEX concentration [23] at the outlet of
the microreactor as a function of residence time under light irradiation with an intensity of 17.45
W/m?, pH: 4 for four inlet concentrations of 30, 40, 50, and 60 mg/L. As shown in Fig. 3, there is
a very good agreement between the available experimental data and the model results. Table 3

presents a comparison between the experimental data and the degradation efficiency predicted by
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the model in 2D and 3D simulations under the mentioned conditions. According to Table 4, the
differences between the results in these two simulated cases are from 1 to 3%. This finding
supports the validity of assuming a two-dimensional approach for the simulations in this study.
The AAD percent of the model in predicting the experimental results is given in Table 5. The
average absolute deviation for each graph confirms the validity of the model. Moreover, according
to this table, the predicted degradation efficiency of the CEX, with an average error of 3.3%
compared to the experimental data, demonstrates the good accuracy of the proposed model.

Fig. 3
Table 3
Table 4

Table 5

Fig. 4 illustrates the pollutant concentration distribution in the microreactor. This representation
corresponds to a residence time of 252 seconds, an inlet concentration of 29 mg/L, and a flow rate
of 71 pL/min under optimal experimental conditions in which the highest degradation efficiency
of CEX was achieved [23]. The figure also highlights the molecular diffusion process of the
pollutant from the bulk phase to the surface of the catalyst. According to the Langmuir-
Hinshelwood kinetic model, pollutant molecules are initially adsorbed onto the catalyst surface,
followed by degradation.

As evident from Fig. 4, the pollutant concentration on the catalyst surface is lower compared to
the bulk phase. Additionally, along the catalytic surface and the length of the microreactor, as we
move away from the inlet, pollutant molecules have more opportunities to contact the catalytic
surface and undergo degradation. Consequently, a greater number of pollutant molecules are
affected by the photocatalytic process, leading to a thicker layer of degraded pollutants. The

average output concentration during this residence time is about 0.015 mol/m3.

Fig. 4



5.2. Parametric study
5.2.1. Effect of microreactor depth on degradation

The impact of varying the depth of the microreactor on the degradation of the CEX pollutant was
explored by prediction the performance of microreactor over a range of depth values. The effect
of microreactor depth on pollutant degradation at a constant flow rate is shown in Fig. 5.

As the weight hourly space velocity (WHSV) of the feed is decreased by reducing the channel
depth under the condition of constant inlet velocity, the ratio of the contacted active sites of the
catalyst surface to the number of pollutant molecules is increased, leading to an improvement in
degradation efficiency. Moreover, a decrease in channel depth reduces the penetration length of
the pollutant molecules to the catalyst surface, consequently, reducing the mass transfer resistance
and increasing the pollutant degradation rate. As the microreactor depth decreases, the wall effects
become more pronounced, which significantly impacts the flow characteristics and mass transfer
processes. In shallow channels, the surface-to-volume ratio increases, meaning a larger fraction of
the fluid is in close contact with the catalytic surface. This enhances the degradation efficiency as
more reactants interact with the surface [15]. The removal rate is increased by about 10% when
decreasing the microchannel depth from 300 to 100 pum.

Fig. 5

5.2.2. Effect of microreactor length on pollutant degradation

In this section, different lengths of the microreactors, including 30, 40, 50, 60, 70, 80, 90, and 100
mm, are applied in the simulation and examined their effects on pollutant degradation efficiency
at a constant inlet flow rate. Fig. 6 shows the degradation efficiency as a function of microchannel
length. According to Fig. 6, the pollutant degradation percentage is increased with an increase in
the length of the microreactor. Longer microreactors provide longer contact times, allowing the
pollutant molecules more time to interact with the catalytic surface. This increased residence time
facilitates more effective collisions between the pollutant and the catalyst, thereby enhancing the
degradation efficiency. For instance, the removal efficiency of CEX was increased from 82 to 97%



as the microreactor length was increased from 50 to 100 mm, with a volumetric flow rate of
1.1905x10"° m%/s and at inlet CEX concentration of 29 mg/L.

Fig. 6
Damkohler number expresses the ratio of the chemical reaction rate to diffusion mass transfer rate.
It can be used to determine whether reaction kinetics or mass transfer is the limiting control in a
microreactor. When Damkohler number is less than 1, mass transfer limitations are not considered,
but when the value of this number is greater than 1, the system is considered to have mass transfer
limitations. For photocatalytic reactions that follow Langmuir-Hinshelwood kinetics, Damkohler
number is defined as Eq. (8) [28]:

Da—_ K @)

kK o
n—+k,oac,

In this relation, a, Co, and km represent the surface-to-volume ratio of the microreactor (3330 m™!),
the inlet concentration of CEX, and the mass transfer coefficient in m/s, respectively. To determine
Damkdhler number, it is first necessary to determine the value of the mass transfer coefficient.
Ergu et al. [28] have presented Eq. (9) to determine the mass transfer coefficient in microreactors

with a rectangular cross-section.

kmdh
D

-0.12
Sh= =2.76x Re**® (dL] x Sc/8 0.1<Re<1 9)

h

In the above relation, the factors Sh, km, dn, D, Re, Sc, and L, respectively, express the
dimensionless Sherwood number, the hydraulic diameter in m, the diffusion coefficient of CEX in
m?/s, the dimensionless Reynolds number, the dimensionless Schmidt number, and the length of

the microreactor is in m.

The value of Damkdhler number at the inlet concentration of 29 mg/L is calculated for different
flow rates, and a plot of Damkohler number in terms of the Reynolds number is shown in Fig. 7.
According to Fig. 7, Damkohler number is less than one at different flow rates, indicating that
there is no mass transfer limitation in the fluid. The lack of mass transfer limitation is due to the

low depth of the microreactor and the short length of the pollutant penetration path.
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Fig. 7

5.3. Experimental insights into adsorption and degradation mechanisms

Fig. 8 illustrates the potential interactions between chitosan and CEX observed in the adsorption-
photocatalytic experiments. The experimental results inherently depend on the pH of the solution
[27]. However, the focus here is on presenting potential mechanisms of adsorption and
degradation, without specifically detailing pH-dependent effects. Two primary types of
interactions electrostatic adsorption and hydrogen bonding significantly contribute to the
adsorption of CEX by the nanofibers. The amine groups in the chitosan structure are may
protonated (NHs"), while CEX molecules exist in a zwitterionic form, containing both protonated
amine and carboxylate groups (COO"). In this state, strong electrostatic attraction occurs between
the NHs* groups of chitosan and the COO™ groups of CEX. Additionally, hydrogen bonds form
between the electron-donating groups within the CEX structure (amino, thiol, and carboxylate

groups) and the functional groups of chitosan (NH> and OH).
Fig. 8

Fig. 9 presents the FTIR spectra of chitosan nanofibers before and after the adsorption of CEX. As
illustrated, the intensities of peaks associated with amine and hydroxyl groups decreased following
CEX adsorption, indicating the formation of hydrogen bonds between chitosan and CEX.
Additionally, the new peaks observed at 1563 and 1716 cm™ correspond to the amine and carbonyl
(C=0) functional groups within the structure of CEX, confirming the adsorption of CEX molecules
onto the chitosan nanofiber layer. During the adsorption process, the CEX molecules adsorbed
onto chitosan are rapidly degraded through photocatalytic reactions. The BCT photocatalyst
degrades pollutant molecules through a Z-scheme charge transfer mechanism [27]. Consequently,
the TiO2 and Bi2WOs semiconductors, respectively, become electron-rich and hole-rich regions.
The electrons in the TiO2 conduction band either directly react with CEX or reduce the adsorbed
oxygen molecules. Likewise, the holes in the Bi2WOs valence band oxidize CEX molecules or the
adsorbed water molecules. As a result, the mineralization of this pollutant is achieved in the

presence of generated radical species.
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The presentation of these results is intended solely to emphasize that, for achieving higher
predictive accuracy and a more comprehensive simulation, these mechanisms should be

incorporated into an advanced model in the future.

Fig. 9

6. Conclusion

This study successfully demonstrated the simulation of photocatalytic degradation of CEX
pollutant in a planar microreactor using COMSOL Multiphysics. The developed model showed a
strong correlation with available experimental data, confirming the accuracy and reliability of the
predicted results. The effect of the geometric dimensions of the microreactor on the efficiency of
pollutant degradation was investigated. It was found that reducing the depth of the microreactor
from 300 to 100 um increased the pollutant removal efficiency by 10%. Additionally, increasing
the length of the microreactor from 50 to 100 mm enhanced the pollutant degradation efficiency
by 15%. The calculated Damkdhler number under optimal experimental conditions indicates that
the photocatalytic degradation process is primarily controlled by reaction kinetics rather than the
mass transfer rate. This study provides valuable insights into the impact of geometric dimensions
and removal mechanisms on pollutant degradation in microreactors, and it may help future

research in designing microreactors with optimal geometric sizes.
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Captions of Figures and Tables

Fig. 1. (a) Picture of the assembled microreactor and (b) schematic image of the dissembled
microreactor [23]

Fig. 2. The mesh scheme

Fig. 3. Comparison between model and available experimental data [23] on CEX removal in terms
of residence time at inlet concentrations (a) 30 mg/L, (b) 40 mg/L, (c) 50 mg/L and (d) 60 mg/L

Fig. 4. Concentration distribution of CEX in the microreactor under optimal experimental
conditions [23] (residence time 252 seconds, inlet concentration 29 mg/L, and flow rate 71
pML/min)

Fig. 5. The effect of microreactor depth on CEX pollutant removal efficiency under optimal
experimental conditions [23] (volumetric flow rate 1.1905x10"° m%/s and inlet concentration 29
mg/L)
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Fig. 6. The effect of microreactor length on pollutant removal efficiency under optimal
experimental conditions [23] (volumetric flow rate 1.1905x10"° m%/s and inlet CEX concentration
29 mg/L)

Fig. 7. The variation of the Damkd&hler number in the microreactor as a function of the Reynolds
number, at the inlet concentration of 29 mg/L and different residence times

Fig. 8. Adsorption-photocatalytic mechanism for the mineralization of CEX pollutant in the
presence of nanofibers BCT/CHT

Fig. 9. FTIR spectrum of chitosan nanofibers before and after CEX adsorption.
Table 1. Geometric characteristics of the planar microreactor and operating conditions [23]

Table 2. Mesh independence analysis under conditions of inlet concentration of 60 mg/L and
residence time of 180 seconds

Table 3. Comparison of experimental and predicted photocatalytic degradation in 2D and 3D
simulations at different CEX inlet concentration

Table 4. Difference percentage between 2D and 3D simulation results

Table 5. The percent of average absolute deviation at different inlet concentration of CEX
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Fig. 7. (a) Picture of the assembled microreactor and (b) schematic image of the dissembled microreactor [23]
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Fig. 8. The mesh scheme
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Fig. 10. Concentration distribution of CEX in the microreactor under optimal experimental conditions [23]
(residence time 252 seconds, inlet concentration 29 mg/L, and flow rate 71 pL/min)
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Fig. 11. The effect of microreactor depth on CEX pollutant removal efficiency under optimal experimental
conditions [23] (volumetric flow rate 1.1905x10-° m%/s and inlet concentration 29 mg/L)
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Fig. 12. The effect of microreactor length on pollutant removal efficiency under optimal experimental conditions
[23] (volumetric flow rate 1.1905x10° m®/s and inlet CEX concentration 29 mg/L)
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Tables

Table 1. Geometric characteristics of the planar microreactor and operating conditions [23]

Length Width Depth Volume specific surface Inlet concentrations  Flow rates
(mm) (mm) (mm) (mm3) area (m?) (mg/L) (uL/min)
50 20 03 300 3330 30,40,50,60 1100150,

Table 2. Mesh independence analysis under conditions of inlet concentration of 60 mg/L and residence time of 180
seconds

Coarser mesh Coarse mesh Normal mesh
Number of elements 27508 49318 75672
Minimum element size (mm) 0.00232 0.00174 0.00116
Experimental C/Cqy 0.34 0.34 0.34
Simulation C/Cy 0.316 0.322 0.33

Table 3. Comparison of experimental and predicted photocatalytic degradation in 2D and 3D simulations at different
CEX inlet concentration

Inlet concentration of Predicted efficiency Predicted efficiency Experimental efficiency
pollutant (mg/L) in 2D simulation (%) in 3D simulation (%) (%) [23]
30 89 91 92
40 88 87 86
50 86 84 82
60 85 82 78

Table 4. Difference percentage between 2D and 3D simulations results

Difference percentage of 2D and 3D simulations

Inlet concentration of pollutant (mg/L)
results (%)

30 2.2
40 1.15
50 2.3
60 3
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Table 5. The percent of average absolute deviation at different inlet concentration of CEX

Inlet concentration of pollutant (mg/L) ADD%
30 3.72
40 1.31
50 3.1
60 5.33
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