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Computational fluid dynamics (CFD) simulation was applied to a photocatalytic re-
actor with surface reaction for trichloroethylene (TCE) oxidation at various pollutant
concentrations, and flow rates. First-order and Langmuir-Hinshelwood kinetics for
TCE removal rate were considered. The results were compared with those from experi-
ments of Demeestere et al. (Appl Catal B Environ. 2004;54:261-274) in a flat plate
photocatalytic reactor with serpentine geometry. The flow regime was laminar.
Through the CFD simulation, the velocity field and the concentration gradient of TCE
in the reactor were studied in detail. At Reynolds numbers around 900, the laminar
flow becomes unstable. Under such a condition, when flow passes the 180° sharp turns,
due to formation of secondary flow and consequently vortices, there is a lot of cross-
sectional mixing in the reactor. This kind of studies can help us to model the photoca-
talytic reactor as accurately as possible. © 2008 American Institute of Chemical Engineers
AIChE J, 55: 312-320, 2009
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Introduction

Photocatalysis is a promising technique which utilizes
semiconductors like TiO,, ZnO, WOj3, FeTiO3, and SrTiO;
to carry out a photo-induced oxidation process to degrade
volatile organic compounds (VOCs) into CO,, H,O, and
completely remove NOy and SO,. Particularly, this technique
is promising for the degradation of VOCs, in both gaseous
and aqueous phase.! Potential applications in the gas phase
include waste gas treatment,” indoor air pollutant abate-
ment,3’4 and ambient air pollutant removal.>® Nowadays, due
to the contribution of these compounds to environmental
problems such as tropospheric ozone formation, stratospheric
ozone layer depletion and global warming, photocatalytic
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degradation of VOCs, and development of efficient photoca-
talytic reactors for large-scale applications is gaining more
and more interest.’

Kinetic studies of photocatalytic reactions at different
operational conditions have been successfully conducted by
many researchers,” ' and some of them have modeled the
radiation field for various reactor configurations as well.''=17
However, little progress has been made towards the de-
velopment of a realistic hydrodynamic model for a better
understanding of fluid flow properties in photocatalytic reac-
tors. In modeling photocatalytic reactors, two simplified mod-
els, plug flow and completely mixed, have usually been
applied.7‘9’“’18’19 Flow behavior of a majority of the actual
reactors deviates from these two limiting conditions. The
deviation may be caused by nonuniform velocity profile, ve-
locity fluctuation due to molecular or turbulent diffusion, by
short-passing and channeling of fluid, by the presence of stag-
nant regions of fluid caused by the reactor shape and inter-
nals, or by the recycling of fluid within the reactor as a result
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Figure 1. The top view of the 3D computational domain
of the reactor.

of agitation.”® A few researchers have developed a 2D mass

balance taking into account the intrinsic kinetics, as well as
mass transfer rate processes.'>'* Though these models are
extremely useful in providing an understanding of the fluid
dynamics, these rarely can be used for engineering analysis
and design. These models often work very well for well-
known unit operations, but for new equipment with unknown
parameters, process development would be very time consum-
ing and difficult from laboratory to full scale. Computational
flow modeling tools can accelerate the reactor engineering
tasks with minimum experimentation on pilot scales and with
enhanced confidence levels. For design of new equipment,
engineers are increasingly using computational fluid dynamics
(CFD) to analyze flow and performance. In simulation of
reacting flow systems, in addition to mass and momentum
equations, the mixing, transport, and production/consumption
of chemical species should also be considered through species
transport equations. The application of CFD in reaction engi-
neering is well known and has been applied in many other
areas of chemical engineering and chemical reaction engi-
neering,24 such as fluidization,”>?’ and multiphase flow
systems,zgf‘“ and more recently, it has been utilized for
simulation of photocatalytic reactors.'’**#273 Pareek et al.*
applied the CFD approach to model an annular photoreactor
and analyze its performance for possible industrial wastewater
treatment. A granular Eulerian approach was used to simulate
the three-phase flow in a photocatalytic reactor. The model
adequately described the experimental data for photodegrada-
tion of Bayer liquor. Mohseni and Taghipour32 developed a
model to predict the performance of an annular photoreactor
for vinyl chloride (VC) oxidation using CFD. They applied
the laminar finite rate modeling approach in which the effect
of turbulence is ignored. This assumption caused about 10—
20% underestimation of the degradation rate. They studied
the impact of flow nonuniformities on the reactor perform-
ance and suggested some design modifications for improving
reactor efficiency. Taghipour and Mohseni®® conducted CFD
modeling of a photocatalytic reactor with surface reaction for
trichloroethylene (TCE) oxidation at various reactor lengths,
pollutant concentrations, and flow rates in an annular reactor.
They also investigated the effect of contaminated air flow
thickness on the reactor performance. Though the model did
not account for homogeneous reactions such as those initiated
by photolysis, it predicted experimental results well except at
low TCE concentrations. Castrillon et al.>* investigated the
aerodynamic behavior of a photocatalytic reactor for air treat-
ment. They identified several design issues from simulation
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results and implemented some modifications to achieve uni-
form flow field, mass flow and contact time distributions.
Sozzi and Taghipour34 applied the CFD approach to simulate
the hydrodynamics of annular UV-reactors for water treat-
ment. In general, the CFD models showed a close agreement
with the experimental data for the majority of the reactor do-
main and captured the influences of reactor configuration and
internal reactor structures on the flow distribution. Salvado-
Estivill et al.'” performed CFD simulation of a flat plate, sin-
gle-pass, and flow-through photocaralytic reactor for air puri-
fication. They studied the effect of UV irradiance (different
lamp configuration), flow rate, and substrate concentration on
TCE conversion. The CFD model was able to predict the ex-
perimental results reasonably.

The aim of this study is to integrate CFD with photocata-
lytic reaction kinetics for degradation of TCE and evaluate
CFD’s capability in modeling the performance of photocata-
Iytic reactors for use in waste gas treatment; to explore the
fluid flow properties and their impacts on the reactor behav-
ior. The effect of pollutant inlet concentration and gas flow
rate on the reactor efficiency has been investigated and the
simulation results have been compared to data from experi-
ments performed with a serpentine flat-plate reactor by
Demeestere et al.”

Photocatalytic Reactor Model
Physical picture

The system under investigation is a flat-plate lab-scale
photocatalytic reactor for degradation of TCE. The top view
of the 3D computational domain of the reactor is shown in
Figure 1. The thickness of the catalyst layer, 0.15 cm, was
deducted from the actual depth of the reactor, 3 cm, and
excluded from the computational domain which included the
serpentine space with rectangular cross section channels con-
taining a gaseous reaction mixture. The overall geometric
dimensions of the model are outlined in Table 1. The exact
geometry has been created using GAMBIT 2.3.16 (Fluent
Inc) and was discretized to a sufficiently large number of
control volumes or cells. The sensitivity of solution to the
number of grids has been tested as well. The base grid of
710,000 cells provided a grid independent solution because
the simulation results changed about 0.1% as the number of
control volumes increased by a factor of 8.5.

Transport equations and kinetics

The simulation of the system was performed with a three-
dimensional, steady state, single phase, laminar flow model
including the photocatalytic surface reaction. The CFD simu-
lation has been done using FLUENT 6.3.26 (Fluent Inc). In
laminar flow the Navier-Stokes equations describe the mo-

Table 1. The Overall Geometric Dimensions of the Model

Parameter (m)

Channel length 9
Channel width 1
Channel height 3
Catalyst thickness layer 1.5
Radius of curvature 1.1
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mentum transport. It is possible with CFD to obtain very
accurate flow simulations for single phase, but care must be
taken to ensure that the flow is always laminar. In the transi-
tion between laminar and turbulent flow accurate simulations
are difficult. In this region, the flow can change in time
between laminar and turbulent.’® The conservation of mo-
mentum in the reactor is described by Eq. 1,

9 o _

o (pV)+V.(pVV)=-VP+ V7 (1)
where p is the density, V (m s ') is the velocity vector of
fluid, P (Pa) is the pressure, and T is the stress tensor. The
conservation of mass is described by the continuity equation
as follows,

V.(oV) = 0 @

and the mass balance for each species takes the following
form,

%(pn) +V.(pVY:) = =Viji+r(MW), i=1,2..

.n—1
3)

where Y; represents mass fraction of species i, n is the num-
ber of species, j; represents the mass diffusion flux, r; (kg
s 'm7?) represents the net rate of formation of a species i,
and (MW); is its molecular weight. As indicated below, the
reaction occurs at the bottom of the reactor. Hence, r; = 0 in
Eq. 3, and the reaction term is incorporated in the bottom
boundary condition.

The concentration of all species (reactants, by-products,
and final products) in each control volume of the grid is
expressed in terms of mass fraction with

i: Yi=1 4)
i=1

As the degradation of TCE obtained by direct photolysis at
the wavelength spectrum used is insignificant for all experi-
mental conditions,’ the only reactions considered in the sim-
ulation are the heterogeneous photocatalytic reactions occur-
ring on the surface of TiO, photocatalyst. Two different ki-
netic models have been applied to describe this phenomenon,
first-order kinetics and the Langmuir-Hinshelwood (LH) rate
form.

Oxidation of TCE under dry conditions can be represented
by the following reaction scheme:

C,HCl; + 20, ""1%* 20, + Cl, + HCl (5)

thus, the degradation rate of TCE is defined by first-order
kinetics as follows,

— I'TCE — k[CQHCIﬂ (6)

where k is the reaction rate constant and [C,HCI;] is the
molar concentration of TCE at the catalyst layer.

The other reaction scheme taking into account the effect
of dichloroacetyl chloride (DCAC) as the main intermediate
product,”?"*" is described by Egs. 7-9,
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1 n
C,HCl; + 5 0, - G,HCL;0 )

3,
CoHCL0 +3 0, ,2C0, + Cl, + HCI ®)
C,HCl; + 20, 5 2C0, + Cl, + HCl ©)

The direct oxidation pathway shown by Eq. 9 has been pro-
posed based on the fact that the oxidation of a feed mixture
of DCAC in air produces a different proportion of products
than observed during the oxidation of TCE.*! Furthermore,
an adequate fit to the experimental results was not obtained
when the direct oxidation step was ignored.”

The rate of each reaction step was defined by LH type rate
equation:

k1[CoHCl;] (10)
r =
' 1+ Krce[C2HCIs] + Kpeac[CHCI0)
ko [CzHCl3O] an
7y =
2 1 + Ktcg [CzHClz] + Kpcac [CzHCl;O]
HCI
. k3[CoHCl;] (12)

" 1+ Krcg[CoHCL] + Kpeac|C2HCI;0]

where ki, k,, and k; represent the apparent rate constants.
Ktce and Kpcac are the adsorption constants of TCE and
DCAC, respectively. The LH reaction rate as the source term
has been incorporated into FLUENT through the introduction
of a user defined function code written in the C language.

The rate constants k; k,, and k3 in Eqgs. 10-12, as well as
k in Eq. 6 are dependent on the irradiance. A power law rela-
tionship is sometimes used to express this relation-
ship.>'%!"14! We assume light irradiance, and hence the rate
constants, to be constant, and consider the effect of irradi-
ance at a later stage.

In both kinetic models, the kinetic parameters have been
adjusted to minimize the sum of squares of residuals between
simulation and experimental results.

The kinetics assumes that the radiation field in the reactor
is homogeneous. A simple radiation field calculation indi-
cates a variation of up to 25% from the mean irradiance,
resulting in a coefficient of variance of 11.5% in the irradi-
ance. However, further calculations showed that the influence
of using the average irradiance in the calculation leads to an
overestimate of the average reaction rate of less than 0.2%.
Hence, there is no need to consider variations of the irradi-
ance in this system.

Boundary conditions

Uniform velocity profile and constant pressure have been
defined as the inlet and outlet boundary conditions respec-
tively. For the inlet flow, the temperature and species mass
fractions have been set as well. All walls are considered to
be insulated and no-slip boundary condition has been speci-
fied for the velocity at the walls. The reaction set has been
assigned to the bottom surface of the reactor. Hence for the
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Table 2. Model Parameters of First-Order Kinetics and LH
Rate Equation

Kinetic Parameter

km*m s h 2
km*m2sh 12 X 1072
kb m®* m 2 s 8 x 107*
ks (m®* m 2 s 41073
Krcg (m® kmol ™) 1.6 X 10°
Kpeac (m® kmol ™) 3.1 X 10°

reactive species the vertical flux at the bottom boundary
equals the reaction rate on a per area basis.

Results and Discussion
Kinetics of TCE photocatalytic oxidation

For the purpose of precisely measuring the reaction coeffi-
cients, a VOC removal process should be reaction limited to
disregard the mass transfer effect.* ™ The rate of chemical
reactions is an intrinsic property of a given chemical system
and is not a function of any physical process such as mixing
or heat and mass transfer. It is, therefore, essential to sepa-
rate the effects of physical processes from the measured ex-
perimental data to extract information about the intrinsic
reaction kinetics. It is a difficult task and has some parallels
with the reactor engineering activity in reverse order (mea-
surement of reactor performance-transport processes-fluid dy-
namics-intrinsic kinetics).?® Applying the CFD method, there
is no longer a need to estimate the kinetic parameters based
on experiments that are conducted under kinetically con-
trolled conditions that are difficult to maintain. CFD simula-
tion, which is taking into account the effect of mixing and
mass transfer, has been used to estimate the kinetic parame-
ters of two proposed kinetic models. Nevertheless, the uncer-

(a) (b) (c) (d)

Figure 2. Contours of the velocity magnitude on the
cross section of a channel of the reactor at
different Reynolds numbers.

(;;)zRe = 215, (b) Re = 323, (c) Re = 483, and (d) Re =
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tainties associated with CFD calculations will introduce some
degree of error into the parameter estimates. The best fit
values are reported in Table 2.

Velocity and concentration profiles

Simulations have been performed for different gas flow
rates to investigate the fluid dynamics in the photocatalytic
reactor in the range of Reynolds numbers 161 < Re < 972.
Figure 2 shows contours of velocity magnitude on the cross
section of one of the reactor channels at various Reynolds
numbers; the same behavior has been observed at all other
channels. The contours at Re = 161 are not given as they
are identical in shape to the contours at Re = 215. It is clear
that at the highest Reynolds number the laminar flow became
totally unstable and the threshold of instability would be the
flow condition in which Re is 483. Overall as the flow passes
the sharp turns, a secondary flow which is transverse to the
primary flow is created and consequently causes the forma-
tion of vortices. Martin et al.** made a similar observation in
experiments in a serpentine fuel cell with square cross sec-
tion. The vectors of velocity magnitude on the centerline of
one of the reactor channels are shown in Figure 3; the same
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Figure 3. Vectors of velocity magnitude (m s™') on the
centerline of the reactor channels at different
Reynolds numbers.

(a) Re = 215, (b) Re = 323, (c) Re = 483, and (d) Re =
972.
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Figure 4. Contours of molar concentration of TCE (kmol m~3) at an interior plane of the reactor.

(a) Re = 215, (b) Re = 323, (c) Re = 483, and (d) Re = 972. Dark shades at the top of the reactor indicate concentrations at the high
end of the scale, whereas dark shades at the bottom of the reactor indicate low concentrations.

behavior has been noted at all the channels. Again, the pro-
file at Re = 161 was the same in shape as the profile at Re
= 215, and is not given. It can be observed that the velocity
profile at Re > 483 deviates from the parabolic shape which
is the characteristic of laminar flow.

Figure 4 shows the contours of molar concentration of TCE
at an interior plane of the reactor. For interpretation of the
gray shades with both high and low concentration indicated
by dark shades, it is useful to point out that the highest con-
centrations are at the top of the reactor, and the lowest con-
centrations are at the bottom. The developing profiles are the
result of reaction, advection, and diffusion of TCE in the re-
actor. At all Reynolds numbers the gradient in the axial direc-
tion occurs primarily as a result of advection with negligible
contribution of diffusion. At the lowest Reynolds numbers,
the vertical gradient is mostly due to diffusion. However, as
the Reynolds number increases, extra vertical mixing can be
observed because of the creation of vortices; thus vortices
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play an important role in mixing transport in the vertical
direction. Overall the transverse gradient is not remarkable,
but at highest Reynolds numbers nonuniformities can be seen.
Figure 5 shows a comparison between contours of TCE con-
centration at highest and lowest Reynolds numbers. It is
evident from the contours that the pollutant concentration
changes significantly as the flow passes the channels in both
cases. At the lowest Reynolds number, the contaminated
stream has enough time to stay in the reactor to get decom-
posed. However, at the highest Reynolds number because of
the high flow velocity, the polluted stream cannot be
degraded efficiently. Moreover, the presence of stagnant
regions at the corners of the channels may decrease the effi-
ciency of the reactor. As is shown in Figure 6, in both cases
the concentration gradient in vertical direction decreases as
flow approaches the end of reactor. At the highest Reynolds
number, two completely mixed regions at the top and bottom
of reactor have been formed. The rate of mass transfer

February 2009 Vol. 55, No. 2 AIChE Journal
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Figure 5. Contours of molar concentration of TCE
(kmol m~3) on the parallel plane to the top
and/or bottom of the reactor.

(a) Re = 161 and (b) Re = 972.

Molar concentration of
TCE (kmol m™)

between these two areas is low; thus, complete mixing would
not be obtained even at the highest fluid velocity. In this fluid
condition, although the flow regime is still laminar, a higher
degree of mixing in specific regions of the reactor exists. This
kind of turbulence effects is ignored by the laminar finite rate
modeling approach which has been used in simulation of
reaction rate and may cause some discrepancy between simu-
lation and experimental results. Experimentally, it has been
observed that the completely mixed vortices are unstable, and
take turns expanding and contracting. This creates more verti-
cal mixing than can be modeled in a steady-state CFD
model.** We attempted to emulate this effect by increasing
the mixture diffusion coefficient from 9.5 X 10~ ° m* s~ to
1.5 X 10> m? s~ !, as indicated in the next section.

Comparison between modeling and experimental results

Figures 7 and 8 show a comparison between CFD simula-
tion and experimental results for prediction of removal effi-
ciency (TCE conversion) and carbon mineralization effi-
ciency at different gas flow rates and initial pollutant concen-
trations. The experimental data indicate that increasing the
flow rate (or decreasing the gas residence time) reduces the

Concentration profiles

0.00E+00 : . . . .
0 0.005 0.01 0.015 0.02 0.025 0.03
Reactor depth (m)
o Concentration profiles ®)
b 400E06 pgag ittt ttat
©  350E06
S+ 300506 4
B E 25006}
S 2 2005061
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£ 150606 4
o
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o
=

5.00E-07 4

0.00E+00

T

0 0.005 0.01

0.015 0.02 0.025 0.03

Reactor depth (m)

Figure 6. Concentration profiles of TCE in vertical direction at different reactor cross sections.
(a) Re = 161 and (b) Re = 972. The arrow shows the direction of flow within the reactor.
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Figure 7. Modeling and experimental results of the
TCE removal efficiency at different pollutant
concentrations and gas flow rates.

percentage removal of TCE and consequently the production
of CO,. Both first order and LH kinetics have been able to
predict the reactor behavior for degradation of TCE at differ-
ent gas flow rates and results form those models are in a
close agreement with experimental ones. However, the first-
order kinetics greatly overestimates the amount of produced
CO, and consequently the carbon mineralization efficiency.
In the case of the first-order model, the square root of the
mean square (RMS) of the relative error was 22 and 167%
for TCE conversion and mineralization, respectively. For the
LH model the RMS was 24 and 21%, respectively. Figures
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8a—c show the experimental and modeling results for the esti-
mation of the carbon mineralization efficiency which is lower
than the removal efficiency for all experimental conditions;
while the first-order kinetics could not predict this behavior,
LH kinetics considering the effect of DCAC provided satis-
factory estimates of the carbon mineralization efficiency. Fur-
thermore, the first-order kinetics failed in estimating of reac-
tor efficiency as the TCE initial concentration changed. It is
evident from Figures 7a—c that the same value for TCE con-
version has been predicted by the first-order kinetics at dif-
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Figure 8. Modeling and experimental results of the
carbon mineralization efficiency at different
pollutant concentrations and gas flow rates.
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ferent pollutant concentrations (100, 300, and 500 ppm)
which is not consistent with actual reactor performance. The
experimental data show that as the initial concentration
increases, the TCE conversion declines. In spite of disadvan-
tages of the first-order kinetic model, it is simple and easy to
apply and only the reaction rate constant should be adjusted
by trial and error. The other kinetic model, LH kinetics, has
five tuning parameters and obviously more trial and error is
needed to find the kinetic parameters providing the optimal
fit to the experimental data. Although the CFD model fits the
data well, it is incapable to predict the nearly complete con-
version obtained at larger residence times, even by increasing
the reaction rate indefinitely. Therefore, simulations were run
with larger diffusion coefficient. There is uncertainty in esti-
mation of this parameter because it changes locally as the
species concentrations change. However, considering the
value of 1.5 X 107> m? s~ for mixture diffusion coefficient
resulted in a slightly better fit for the LH model (RMS of the
relative error 16% for both TCE conversion and carbon min-
eralization). As indicated in the previous section, this may be
due to the dynamic nature of the vortices interacting with
each other.

Incorporation of light irradiance in kinetic constants

The UV irradiance at the catalyst can be assumed to be
constant in the experiments on which this study is based.*’
The incident irradiance was 2.86 X 10~* meinstein g~ s~/
The actually absorbed irradiance might be lower, about 80%
of that value.®’ Hence, we assumed that the absorbed irradi-
ance was 2.3 X 10~ * meinstein g~ ' s~ '. Following Wang
et al.,*® we also assumed that the kinetic constants are propor-

tional to the absorbed irradiance to the power of 0.61, i.e.:
k= k’l:

where n = 0.61, and k' the kinetic constant at unit absorbed
irradiance. For the first-order model, a value of £ = 330 m’
m~ 2 meinstein”~ *¢! g0'6] s~ %% is obtained. For the LH model
values of 2.0, 0.13, and 0.66 m® m™ 2 meinstein *®' g%¢!
s %% are obtained for X'|, k5, and k', respectively. These

values will be sensitive to the chosen value of n.

Conclusion

The behavior of a photocatalytic reactor for the degrada-
tion of TCE under various operational conditions has been
investigated using the CFD method. The detailed local infor-
mation of the simulated system (velocity and concentration
profiles) was obtained which provided a qualitative under-
standing of the process to better explain the results. The
detailed predicted flow field gave an accurate insight to the
fluid behavior and presented information which cannot be
obtained from experiments. It was found that there is a con-
centration gradient in the vertical direction even at high gas
flow rate which has been ignored in the flow model sug-
gested by Demeestere et al.” Through CFD simulation, the
kinetic parameters of two different kinetic models describing
photocatalytic degradation of TCE were estimated with a
high degree of confidence due to consideration of the actual
flow pattern in the photocatalytic reactor. The LH reaction
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rate form provided a better fit to the experimental results for
prediction of both TCE removal efficiency and carbon miner-
alization efficiency.
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