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INTRODUCTION

Photocatalytic oxidation technology has attracted widespread attention due to high oxidation
capacity, good stability, low energy consumption and no secondary pollution (Klavarioti et
al. 2009; Irawaty et al. 2014; Schneider et al. 2014; Fagan et al. 2016; AlSalka et al. 2018). In
photocatalytic reactors, the degradation of pollutants depends on the kinetics, the distribution
of light and the reactor hydrodynamics. When the catalyst and pollutant are specified, the
reactor hydrodynamics plays a significant role in the performance of photocatalytic reactors.

Computational fluid dynamics (CFD) has been widely used to simulate the performance of
photocatalytic reactors (Jarandehei and Visscher 2009; Mueses et al. 2013; Trujillo et al. 2010;
Boyjoo et al. 2013). Qi et al. (2011) investigated the photocatalytic reaction in the reactor using
CFD method. The degradation of organic pollutants was greatly affected by local hydrodynamics
and light intensity. Boyjoo et al. (2014) simulated the photocatalytic process in a ring-shaped
photocatalytic reactor. The results showed that CFD can be used to optimize the photocatalytic
process. Casado et al. (2017) simulated the fluid dynamics, radiation transfer, mass transfer and
chemical reaction rate in the photocatalytic reactor by using the CFD model. The simulation
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results showed that CFD method is applicable to the design and optimization of photocatalytic
reactors. Amani et al. (2018) studied the effects of operating conditions on phenol removal in
a batch bioreactor. O B Lira et al. (2019) investigated the effects of relative humidity, radiation
intensity, and NO concentration on photocatalytic performance in a two-dimensional reactor.
Vaiano et al. (2015) carried out CFD simulation of photocatalytic degradation of methylene blue
in alaboratory scale photoreactor. Long contact time can increase the methylene blue conversion.
Ahmed et al. (2022) conducted a numerical and experimental study on phenol degradation in a
flat plate photocatalytic reactor. The UV lamp was installed outside the flat plate photocatalytic
reactor. The experimental results showed that the increasing irradiation can enhance the phenol
degradation whereas the increasing initial concentration can decrease the phenol degradation.
These two studies were conducted for flat plate photocatalytic reactor, which didn't interpret the
influence of complex reactors.

This paper presents a detailed CFD analysis of a photocatalytic reactor with four UV lamps
inside. Flow field was solved based on the RNG k-¢ turbulence model. The DO radiation model
was used to simulate the irradiation conditions in the photocatalytic reactor. The effects of
operating conditions, including inlet flow, lamp irradiance and catalyst concentration on the
performance of photocatalytic reactor are studied in detail. Both the increase in flow rate and the
decrease in lamp power can lead to the decrease in degradation efficiency. An optimal catalyst
concentration exists in the degradation.

MATERIALS AND METHODS
Governing equations

The flow rate and the concentration at the inlet of the photoreactor are fixed. Thus, the
photoreactor is operated under steady mode (de Brito Lira et al. 2022). The transient term can
be neglected in the governing equation. When the flow is turbulent, the continuity equation and
the Reynolds-averaged Navier-Stokes equation can be written as follows
ou,
o= (1)
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where u, is the velocity component, x, is the coordinate component, p is the pressure, p is the
density, u is the molecular viscosity, y, is the turbulent viscosity.

The turbulent viscosity can be evaluated by the turbulent kinetic energy and its dissipation
rate as follows:

kZ
H, =Cy_ (3)
&

where k is the turbulent kinetic energy, ¢ is the dissipation rate of turbulent kinetic energy,
and Cy is a constant. The RNG k — ¢ turbulence model is used to solve the turbulent kinetic
energy and its dissipation rate
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where «_is the inverse effective Prandtl number for k, «_is the inverse effective Prandtl
number ¢, G, represents the generation from the averaged velocity gradient. The RNG model
can reproduce the recirculation zone in the reactor (Saeed et al. 2017, Perez-Herrera et al. 2022).
The standard wall function is used for the near-wall treatment (Wang et al. 2006).

The transport of pollutant is governed by the advection-diffusion-reaction equation, which
reads

o(pu,C) 4 H’Hija_c}rsc (6)

ox, a Sc, ) ox;

J

where C is the concentration of the pollutant, Sc stands for the destruction term of the
pollutant, Sc, is the turbulent Schmidt number. Oxalic acid is selected as a model pollutant.
Following Salvado-Estivill et al. (2007), the destruction term of oxalic acid can be evaluated by
the rate equation

S, =~{ks0(1)C +k,[1-0(1)VC || VLVRPA (7)
with

6(t)= SC, (1-atLVRPA) 8)

where LVRPA is the local volumetric rate of photon absorption, which writes
LVRPA=a[ "I(7.5)dQ (9)
0 3

where a is the absorption coefficient of light in the medium, I is the radiation intensity. The
solution of LVRPA requires the light intensity within the photoreactor. The radiative transfer
equation (RTE) is used to solve the light intensity, which describes the electromagnetic wave
propagation through the medium

dI(7, )
ds

+ (e + M), 3) = ”ﬁ’ fo " (7,s") o(3-57)an (10)

where 7 is the position vector, § is the direction vector, n is the refractive index, os is the
scattering coefficient, o is the Stefan-Boltzmann constant, T is the local temperature, ® is the
phase function.

Numerical simulation
A cylindrical photocatalytic reactor with a length of 0.3 m and a diameter of 0.15 m is
simulated, as shown in Fig. 1. Four ultraviolet lamps with a length of 0.3 m and a diameter
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Fig. 1. Structure of photocatalytic reactor reaction chamber

Fig. 2. Schematic of grid

of 0.052 m are installed perpendicular to the flow direction in the reactor. The surface area
of ultraviolet lamp is 0.025 m? and the irradiance of the lamp is 700 Wm™. The slurry with
titanium dioxide suspension flows into the reactor. Under the irradiation of UV light, pollutants
are oxidized.

The computational domain is discretized into the tetrahedral grid using ANSYS ICEM, as
shown in Fig. 2. The number of cells is 698,754. The inlet and outlet are extended to upstream
and downstream for the specification of boundary conditions. Grid is refined near UV lamps and
reactor walls. All governing equations are discretized using the finite volume method and solved
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using ANSYS Fluent. The SIMPLE algorithm is used to treat the pressure-velocity coupling. All
convection terms are discretized with second-order upwind differencing scheme. The radiative
transfer equation is solved by using the discrete ordinates model. The theta and phi divisions are
5x5 and the theta and phi pixels are 3x3. The residual criteria are 1.0x10~* for the momentum
equation and 1.0 x 107 for the concentration and the radiative transfer equation.

No slip condition is adopted at all walls. The standard wall function is used to bridge between
the wall and core turbulence region. No pollutant can penetrate through the wall. The velocity
and the concentration are specified at the inlet. Three flow rates are considered. The fully
developed flow is assumed at the outlet. Water is the medium in the photocatalytic reactor. The
absorption coefficient is 5.9 m™, the scattering coeflicient is 29.3 m™" and the refraction index is
1.38. The diffuse reflectance of the reactor wall is unity. Lamp surface is semi-transparent and
the diffuse fraction is unity. Three lamp powers are used to simulate the radiation intensity in
the reactor. The turbulent Schmidt number o_is 0.7.

Grid sensitivity analysis is conducted for grid 1 (534,423 cells), grid 2 (698,754 cells) and grid
3 (1,021,782 cells). As shown in Fig. 3, the velocity and the turbulent viscosity are close each
other for grid 1 and grid 2. Thus, the present 698,754 cells can achieve satisfactory results.
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RESULTS AND DISCUSSION

Fig. 4 shows the simulated velocity at two lines. The experimental data of Wols et al. (2010)
is also included in the figure. Line 1 is in front of four lamps and Line 2 is behind four lamps. In
general, the simulated velocity is in good agreement with the experimental data.

Fig. 5 illustrates the distribution of radiation intensity in the plane of z = 0.075 m in the
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Fig. 4. Comparison of simulated velocity and the experimental data
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Fig. 5. Radiation distribution in the plane of z = 0.075 m

photocatalytic reactor. The maximum light intensity at the surface of UV lamps is around 1200
Wm 2 The radiation depicts a circle pattern around the lamp center. With the increase of the
distance from the lamp, the radiation intensity decreases rapidly. The radiation intensity in the
intersection region of UV lamps is not augmented, meaning the interaction between UV lamps
is weak. This phenomenon is caused by the relative long distance between lamps.

Fig. 6 shows the concentration in the plane of z = 0.075 m for different flow rates. There
exists an asymmetric pattern in the concentration distribution. The ratio of concentration of
oxalic acid in the top part of the reaction chamber to the inlet concentration is about 10% for
the flow rate of 2.5 m*h™!, 20% for the flow rate of 5 m’h™" and 30% for the flow rate of 10 m*h".
The ratio of concentration of oxalic acid in the bottom part of the reaction chamber to the inlet
concentration is about 40% for the flow rate of 2.5 m’h™', 40% for the flow rate of 5 m*h'and
50% for the flow rate of 10 m*h™". This phenomenon is due to the positions of UV lamps, which
restricts the flow in the top part and prolongs the residence of pollutants in the top part of the
chamber. The ratio of the outlet concentration of oxalic acid to the inlet concentration is 0.178
for the flow rate of 2.5 m*h™', 0.27 for the flow rate of 5 m*h~'and 0.641 for the flow rate of 10 m’
h™'. Small flow rate offers a larger residence time in the reaction chamber such that oxalic acid
can be oxidized sufficiently. The decrease in photocatalytic efficiency due to the increase in flow
rates were also found in literature (Vaiano et al. 2015, Ahmed et al. 2022)

Fig. 7 depicts the distribution of concentration for different lamp irradiance. Oxalic acid
near the surface of the lamp is decomposed better because most light is concentrated on the
lamp. The degradation efficiency of oxalic acid is highest between the wall surface and the UV
lamp. However, in the bottom area at the entrance of the reaction chamber, the concentration
of oxalic acid is high, and its degradation effect is not good. The ratios of the concentration of
oxalic acid at the outlet of the reaction chamber to the inlet concentration at the three different
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Fig. 6. The concentration of oxalic acid in the plane of z = 0.075 m under different flow rates
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Fig. 7. The concentration of oxalic acid in the plane of z = 0.075 m for different irradiance
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lamp irradiation levels are about 0.437, 0.27 and 0.177. The photocatalytic degradation can be
enhanced with increasing lamp power, which was concluded in Ahmed et al. (2022).

Fig. 8 shows the distribution of concentration under different catalyst concentrations. The
inlet oxalic acid concentration in the reactor is 0.9 pgL™, the inlet flow rate is 5 m’h™!, the UV
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Fig. 8. The concentration of oxalic acid at z = 0.075 m for different catalyst load
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lamp irradiance is 700 Wm™. The concentration of titanium dioxide has a significant effect on
the degradation of oxalic acid. The ratio of the concentration of oxalic acid at the outlet of the
reactor to the inlet concentration is 0.539 for the catalyst concentration of 5 ugL™', 0.319 for
the catalyst concentration of 10 pgL™, 0.27 for the catalyst concentration of 20 pugL™, 0.32 for
the catalyst concentration of 40 pgL™' and 0.394 for the catalyst concentration of 80 pgL™'. The
degradation efficiency of oxalic acid increases for low values of catalyst concentration, reaches a
maximum value at some catalyst concentration and then decreases with the increase in catalyst
concentration. The phenomenon is due to the two-fold effect of catalyst (Wang et al. 2019).
More catalyst can provide more sites for reaction, whereas more catalyst will absorb more light,
decreasing the light intensity in the reaction chamber. The combined effect of these two factors
leads to the existence of an optimal catalyst concentration for photocatalytic reaction. Mehrotra
et al. (2005) conducted the experiment on photocatalytic degradation of benzoic acid in a slurry
reactor, which verify the conclusion of present study.

CONCLUSION

A detailed CFD simulation is conducted for the photocatalytic oxidation of oxalic acid in a
photocatalytic reactor. All governing equations are solved using ANSYS Fluent. The simulated
velocity is validated against the experimental data in the literature. The effects of several factors
on the degradation of oxalic acid in photocatalytic converters are studied. The main conclusions
are listed as follows:

1) The degradation efficiency of oxalic acid in the photocatalytic reactor decreases with the
increase in flow rates, changing from 50% to 40% when the flow rate changes from 2.5 m’h"'to
10 m’h™".

2) 'The degradation efficiency of oxalic acid in the photocatalytic reactor increases with
the increase in lamp power. The outlet concentration reduces to nearly 60% when lamp power
increases from 200 W m™ to 1000 W m™.

3) 'The effect of the catalyst on the photocatalytic degradation is complex. There exists an
optimal catalyst concentration that can obtain the maximum degradation efficiency. With the
increase in the catalyst concentration, the degradation efficiency increases before the optimal
catalyst concentration and decreases after the optimal catalyst concentration.
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