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Abstract

A mathematical model is presented to simulate the photocatalytic degradation of terbuthylazine in a
continuous stirred tank reactor. The flow field is described by the continuity equation and the momentum
equation. An advection-diffusion-reaction equation is used to simulate the transport of terbuthylazine.
The chemical reactions take place on the inner wall surface coated with the catalyst, which is described
by a third-kind boundary condition. A transient differential equation is used to describe the variation of
inlet concentration with time. All governing equations are solved using the commercial computational
fluid software ANSYS Fluent. The simulation results agree with the experimental data at different
temperatures and different flow rates. The radial distribution of terbuthylazine in the reactor is discussed
in detail. The velocity depicts a parabolic curve with a maximum velocity of 0.0005 m s, 0.001 m
s-1, 0.00022 m s and 0.0032 m s for 50 mL min!, 100 mL min’!, 200 mL min’!, and 300 mL min-,
respectively. At the flow rate of 300 mL min™, concentration of terbuthylazine decreases from 3.6 mg
dm™ to 0.8 mg dm whereas concentration of cyanuric acid increases from 0.05 mg dm™ to 0.28 mg
dm™. It shows that the radial effect of velocity and concentration should be taken into account. The
mathematical model used in this study is suitable for simulating the photocatalytic degradation process
of terbuthylazine in continuous stirred tank reactors.
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INTRODUCTION

Persistent organic pollutants have been identified as endocrine disrupting chemicals, which
is recalcitrant toward remediation and toxic to microorganisms (Tang et al. 2019; Botta et al.
2002). Since conventional degradation methods are not effective in degrading persistent organic
pollutants. Advanced oxidation processes are gaining increasing interest (Rizzo 2011; Malato
et al. 2009; Avasarala et al. 2011; Chen et al. 2009; Ayati et al. 2014). As a popular advanced
oxidation technology, photocatalytic oxidation technology can oxidize pollutants into carbon
dioxide and water. The reaction kinetics of photocatalytic oxidation is concerned with the
catalyst, UV light, etc and requires to be experimentally determined.

Continuous stirred-tank reactors (CSTR) system is a closed pipeline with a stirred tank and
a photocatalytic reactor. The fluid leaves the stirred tank, enters the photocatalytic reactor, and
re-enters the stirred tank. The stirred tank ensures the good mixing of fluid without reaction
whereas the reaction only takes place in photocatalytic reactors. Computational fluid dynamics
(CFD) have been widely used to optimize the performance of CSTR. Sommer and Kirchen
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(2019) presented a simplified computationally inexpensive, coupled, two-chamber CSTR model
to investigate the improvement of partial oxidation product. A number of reactor parameters
were efficiently identified by using the two-chamber CSTR model. Calder on and Ancheyta
(2018) simulated the conversion process of heavy oil in CSTR to find the best working conditions
improving the conversion rate of reactants. Cao etal. (2020) described a computationally efficient
simulation of heavy-residue gasifiers and validated the model against industrial data. Srirugsa et
al. (2017) explained the mixing characteristics and hydrogen production of turbine by using the
CFD simulation. Ri et al. (2019) simulated the degradation of ethanol in horizontal continuous
stirred tank reactor and vertical continuous stirred tank reactor, analyzed the effect of hydraulic
retention time on hydrogen production, and determined the optimal hydrogen production
conditions of horizontal continuous stirred tank reactor. When using CFD to optimize reactors,
the reaction kinetics should be offered.

Continuous stirred-tank reactors can also be used to measure the reaction kinetics (Jeppu
et al. 2012). By monitoring the variation of concentration of pollutants with time, the reaction
kinetics can be derived (Roudsari et al. 2013; Lefebvre et al. 2018; Kanaujiya and Pakshirajan
2022; Tsapekos et al. 2018; Salmi et al. 2022; Cheng 2020). These studies neglect flow field and
distribution of substrates in the reactor. In the present study, a CFD model is presented to
simulate the distribution of substrates in CSTR and discuss the effect of flowfield on the reaction
kinetics. The effect of temperature on the reaction kinetics is also studied in detail.

MATERIALS AND METHODS
Physical model

Experiemnts of photocatalytic degradation were conducted in a batch recirculating
photocatalytic device (Le Cunft et al. 2018). The photocatalyst was placed near the inner side of
the outside wall of reactor. A peristaltic pump was used to recirculate the solution with different
flow rate. The computational domain is shown in Figure 1. The total length of the reactor is 30
cm. The inner diameter of the tube is 6 cm. The inner tube is a movable quartz test tube with an
outer diameter of 2.5 cm. A HNS G5 germicidal lamp is placed in the quartz tube with a power
of 8 W. The lamp tube is located in the center of the quartz tube, and the catalyst is immobilized
titanium dioxide. The reactants enter the reaction system from the inlet on the left side of the
reactor for photocatalytic reaction, and the reaction residues and reaction products flow out
from the outlet on the right side of the reactor. Concentrations of terbuthylazine and cyanuric
aciddegradation were identified using LC/MS.

Governing equations

When the CSTR system operates steadily, the flow in the CSTR system is steady. Thus, the flow
in the photocatalytic reactor can be described by the continuity equation and the momentum
equation as follows

auj
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where p is the fluid density, ¢ is the time, x; is the coordinate component, uis the velocity
component, p is the pressure, y is the dynamic viscosity.
The reaction takes place in the photocatalytic reactor either in the reactor volume or at the
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Fig. 1. Schematic diagram of CSTR model

wall of reactor. Thus, the concentration in the CSTR varies with time. The concentration of
pollutants in the photocatalytic reactor should be described by a transient advection-diffusion
equation as follows

a£+i(u,c):i Da_c (3)
ot Ox, / ox; ox;

where, Cis the concentration of pollutants, D is the diffusion coefficient of pollutants, o,is the
turbulent Schmidt number.

Boundary conditions
At the inlet, the velocity is specified. Since the concentration of pollutants varies with time, a
time-dependent condition should be defined

c, .
V?—COQ Co (4)

V is the volume of stirred tank, Cis the concentration at the inlet of the photocatalytic reactor,
C_is the concentration at the outlet of photocatalytic reactor, and Q is the circulating flowrate. At
the outlet, fully developed flow is assumed.

At all walls, no-slip condition is applied for flow. For walls without reaction, pollutants meet

oC
=0 5
o (5)

For walls with reaction, pollutants meet

oC
D= = 6
o (6)

where, r is the rate of reaction on the surface of the catalyst.
In the photocatalytic reactor, terbuthylazine may undergo a series of complex chemical
reactions, the final product is cyanuric acid, CO,, NH,, and some intermediate products will
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Fig. 2. The distribution of velocity at x = —0.15 m for the flow rate of 300 cm® min™

be produced in the reaction. Le Cunf et al. (2018) proposed that terbuthylazine reacted with
oxygen, becoming cyanuric acid through the intermediate product. Thus, the reaction kinetics
can be written as follows

iy = PR Cryy (7)
i = Pk Crs = PK,Cy 8)
Teys = PR,Cy 9)

where, r .. is the degradation rate of terbuthylazine, r, is the degradation rate of the

intermediate product, r,, is the generation rate of cyanuric acid, p is the density of the catalyst,

where the value of n is 1.5, kl and k2 are the reaction rate constants.

Computational procedure
Hexahedral mesh is used to discretize the computational domain. The total number of
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meshes is about 1.04 million. ANSYS Fluent is used to solve governing equations. The pressure-
velocity coupling is treated using the SIMPLE algorithm. All convection terms are discretized
with second-order upwind differencing scheme. When the residuals for all equations except
concentration are less than 1.0 x 107, the computation is assumed convergent.

RESULTS AND DISCUSSION

Figure 2 shows the distribution of velocity at x = —0.15 m for the flow rate of 300 cm’ min™'.
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Fig. 4. Concentration at x = -0.15 m at 300 cm® min™ flow rate

In the reactor, there are high velocity zones near the inlet and outlet. The flow pattern is typical
of channel flow with high velocity in the center of the channel. Figure 3 shows the velocity
component in x direction at the position of x = —0.15 m, z = 0 m. It can be seen from the figure
that the maximum velocity at the center of the pipe in the CSTR can reach 0.032 ms™', which
is about twice the average velocity. It can be seen from the figure that the fluid has the highest
velocity at the center between the catalytic layer and the lamp tube. The closer it is to the tube
wall, the lower the velocity.

Figure 4 illustrates the concentration distribution of reactant terbuthylazine and product
cyanuric acid in the reactor. The concentration of terbuthylazine near the TiO, catalyst layer is
the lowest since it is oxidized into the product. The pattern for the product cyanuric acid is on
the contrary because it is produced on the catalyst layer.

Figure 5 shows the radial concentration distribution of reactant terbuthylazine and product
cyanuric acid at the position of (x =-0.15 m, y = 0.0125 m) at f = 10 min. A non-uniform
distribution is observed for two concentrations. The concentration of terbuthylazine is higher
near the lamp tube wall and lower near the reactor wall. This is because the catalyst is located
on the inner wall of the reactor, where the catalytic reaction degrades terbuthylazine. It means
that one dimensional simulation of CSTR may not reproduce the distribution of pollutants in
the reactor and thus may have effect on the solution of kinetic equation of pollutant degradation.

Le Cunft et al. (2018) measured the concentration of terbuthylazine and cyanuric acid at
different temperature and flow rate. The concentration of terbuthylazine decreased with the
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Fig. 6. Comparison of model and experimental values of terbuthylazine concentration at different temperature
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increasing time. On contrary, the concentration of cyanuric acid increased with the increasing
time. These experimental curves are used to validate the present model.

Figure 6 shows the consumption of terbuthylazine with time under different temperatures.
A similar pattern can be observed for three temperatures. When the temperature is 308.15 K,
the terbuthylazine concentration decreases from the initial value of 5 mg dm~to 1.40 mg dm™’
during 15 minutes. After 15 min, terbuthylazine concentration decreased gradually. The growth
rate of product cyanuric acid concentration is relatively stable. At 323.15 K, the degradation rate
of terbuthylazine was the fastest in the first 15 minutes, especially in the initial two minutes.
When the reactor was run for 15 min, the concentration of terbuthylazine degraded to less than 1
mg dm™. Figure 7 show the production of cyanuric acid with time under different temperatures.
When the temperature is 308.15 K, the final concentration of cyanuric acid is 2.2 mg dm~; When
the temperature was 323.15 K, the final concentration of cyanuric acid was 2.4 mg dm™; When
the temperature was 338.15 K, the final concentration of cyanuric acid was 2.5 mg dm™. The
concentration of cyanuric acid increases with the increase of temperature. This is because the
reaction temperature has a significant effect on the degradation of some intermediates, resulting
in different main degradation pathways, and ultimately affect the formation of cyanuric acid.

Figure 8 and 9 depict the effect of flow rate on the reaction. When the temperature is 298.15
K. In the first 30 minutes, the degradation rate of terbuthylazine is the fastest, and after 30
minutes, the degradation rate curve of terbuthylazine tends to be stable. Figure 8 show that
when the recirculation rate is 50 cm® min™, the concentration of terbuthylazine in the first 30
minutes drops from the initial 5 mg dm™to 0.22 mg dm™. When the flow rate was 100 cm’
min~', 200 cm® min™', and 300 cm’® min™', the concentration of terbuthylazine in the first 30
minutes decreased by 4.63 mg dm™, 4.33 mg dm™’, and 4.26 mg dm™’, respectively.
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Fig. 7. Comparison of model and experimental values of cyanuric acid concentration at different temperature
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CONCLUSION

The modeling of photocatalytic degradation of terbuthylazine at different temperatures and
flow rates in CSTR is studied using CFD. The computed results confirmed the accuracy of CFD
model in predicting the behavior of the CSTR. The reaction kinetics of the model incorporates
a terbuthylazine kinetics for chemical reactions.

In the radial direction, terbutrazine concentration near the outer wall of CSTR is the lowest
and cyanuric acid concentration is the highest; The terbuthylazine concentration near the quartz
tube is the highest and the cyanuric acid concentration is the lowest, which is consistent with
the coating of catalyst on the outer wall of the reactor. The CFD modeling results agree well with
the experimental data in terms of the temperature and flow rate in terms of the terbuthylazine
degradation. The results showed that temperature has no significant effect on the degradation
of terbuthylazine, but has a great effect on the formation of cyanuric acid. This is because the
temperature has a great impact on some intermediate products and finally affects the formation
of cyanuric acid.
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