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Abstract—In this paper, a mathematical model is presented to describe the photocatalytic degradation of VOCs in a
packed bed reactor. Here, the adsorption of VOCs on the wall of the reactor is taken into account and the diffusion of
VOCs in the axial direction is neglected. First-order kinetics is used to describe the photocatalytic oxidation of VOCs.
The analytical solution of the present model is obtained by traveling wave method. The solution shows that the reactor
performance is totally dependent on the inlet concentration of VOCs when the time is large enough. The present model
is validated through the experimental result of the photocatalytic oxidation of trichloroethylene in a packed bed and
the predicted results accord well with the experimental data. The influence of flow rate and inlet concentration on the
performance of the reactor is discussed in detail. High flow rate offers high reaction rate and low conversion efficiency.
The different inlet conditions and different reaction patterns are also investigated. The model would be useful to esti-
mate the rate constant and help to the design of the reactor.
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INTRODUCTION

During recent years, the emission of volatile organic compounds
(VOCs) has attracted much attention from the public and research-
ers. There exist many examples that have caused much harm to peo-
ple in an indoor environment. Although a ventilation strategy may
reduce the concentration of VOCs in a resident building, it merely
transfers VOCs from one place to another place and does not de-
stroy VOCs. Technology including biofiltration and photocatalysis
has been developed to destroy VOCs. For indoor application, a pro-
cess should be able to proceed at an ambient temperature and pres-
sure to avoid introducing other possible harm to residents and to
save energy. Moreover, the final oxidation products should be in-
nocuous. Thus, photocatalytic oxidation of VOCs is just thought to
be an effective means to destroy VOCs in an indoor environment.
Also, photocatalytic oxidation is excited with easily available exci-
tation sources (i.e., sunlight or low-cost fluorescent light sources)
and photocatalysts are generally nontoxic, inexpensive, and chemi-
cally and physically stable [1].

For photocatalytic oxidation, the reaction occurs on the surface
of catalyst. Catalysts are usually coated on the wall of a reactor (thin
film reactor) or on the surface of the support filled in a reactor (packed
bed reactor). Many researchers have concentrated on the packed
bed reactor to investigate the photocatalytic oxidation of VOCs,
considering the merit of its large contact area. The emphasis is to
determine the reaction kinetics equation. Wang et al. [2,3] studied
the kinetics of photocatalytic degradation of trichloroethylene in a
packed bed reactor. Titanium dioxide was coated onto the surface
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of glass beads. They obtained a Langmuir type reaction kinetics
equation through fitting to the experimental data and discussed the
effect of flow rate on reaction rate. Yamazaki et al. [4] studied the
photocatalytic degradation of tetrachloroethylene in a tubular pho-
toreactor packed with TiO, pellets and concluded that the reaction
kinetics followed Langmuir-Hinshelwood equation. Another choice
is to use first order kinetics, which is a simplification of Langmuir
type kinetics at low concentrations. Arabatzis et al. [5] used first-
order kinetics to discuss the variation of convention factor. These
studies show that either a Langmuir type or first-order type reac-
tion kinetics equation can be used to describe the rate expression in
a packed bed reactor. There also exist many studies on the reaction
kinetics equation in different kinds of reactors [6-9], where a Lang-
muir type or first-order type reaction kinetics equation is also as-
sumed.

In addition to the research on the reaction kinetics, the configu-
ration and operation of a reactor are also important issues. Mehrvar
et al. [10] investigated a tellerette packed-bed photocatalytic reactor
in batch mode. The model was based on first-order kinetics. They
assumed a uniform concentration in the reactor and neglected the
concentration distribution in the axial direction. Changrani and Raupp
[11] presented a two-dimensional heterogeneous model for a retic-
ulated-foam photocatalytic reactor. Semi-empirical Langmuir-Hin-
shelwood-Hougen-Watson kinetics was used to describe the hetero-
geneous reaction rate. The effect of the mean residence time and
the dimensionless axial distance on the outlet concentration was in-
vestigated. Nicolella and Rovatti [12] developed a mathematical
model to describe the photocatalytic oxidation of air contaminants
in a monolith reactor. Photon flux, energy transfer and chemical
rate were discussed. Mohseni and Taghipour [13] performed an ex-
periment on photocatalytic oxidation of vinyl chloride and carried
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out an analysis using CFD technique. Pareek et al. [14] simulated the
multi-phase flow and the photocatalytic oxidation in an 18 / pilot-scale
reactor using CFD technique. However, the above models focused
on the steady state performance of the reactor. Little work has been
performed on the transient performance of the packed bed reactor.

In this paper, a transient one-dimensional model capable of de-
scribing different reaction patterns is presented to model the photo-
catalytic degradation of VOCs in a packed bed reactor. Continuous
and periodical reaction patterns have been investigated in detail in
the present study. Also, the effect of the inlet concentration of VOCs
on the reactor performance has been discussed.

MODEL DEVELOPMENT

Packed bed reactors are usually filled with a considerable amount
of solid particles with a small diameter. Titanium dioxide is coated
on the surface of solid particles. The polluted air stream flows into
the reactor and is oxidized through the photocatalytic reaction. Mac-
roscopically, solid particles cannot fill the reactor completely. Thus,
the reactor filled with solid particles can be viewed as a kind of po-
rous material with a porosity & In general, the photocatalytic oxi-
dation involves the mass transfer of VOCs from the air stream to
the surface of the catalyst, the adsorption of VOCs on the catalyst
and the reaction of VOCs on the surface of the catalyst. For sim-
plicity, the following hypothesis are assumed:

¢ The flow in the reactor is one dimensional;

o Negligible axial diffusion;

e Photocatalytic reaction is first-order.

o No reaction in the gas phase;

o The diffusion of VOCs within the solid particle is neglected.

Based on the porosity and the assumption of one dimensional
flow, the air flow in the packed bed reactor can be described by the
superficial velocity, i.e., the product of the physical velocity and
the porosity. Usually the flow is assumed to be steady. Thus, only
the concentration equation needs to be solved. Here, a transient con-
centration equation is presented to model the concentration varia-
tion of VOCs with time and the position along the axial direction

ec+(1-oCul+ul = fow(®)Ca M
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where C is the concentration of VOCs in the air, u, the superficial
velocity, £the porosity of the reactor, k. the first order rate constant,
C,, the solid-phase concentration of VOCs, w(t) a function of time,
Pthe specific area. As for the value of the specific area £ it can be
evaluated from the porosity
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Here, the introduction of w(t) is used to describe the possible reac-
tion patterns, which will be discussed later. Eq. (1) is not closed
because of the existence of two concentrations. In general, instan-
taneous phase equilibrium is assumed between these two concen-
trations in Eq. (1), which reads
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where f means the adsorption isotherm. Here, a linear adsorption
isotherm, i.e., Henry’s Law; is adopted, which means

C.7k,.C ©)

where k,,, is adsorption constant.
Then, Eq. (1) can be rewritten as
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Eq. (5) is subject to the following initial condition and boundary
condition:

Cx, 0=Ci(x) ®
Cl=G(0) ©

Eq. (5) describes the photocatalytic degradation of VOCs with time
and the position in a packed bed reactor. Solving this equation helps
to comprehend the transient performance of the photoreactor. Here,
traveling wave method is used to get the analytical solution of this
equation [15]. Let

t:kk—‘t’z+t0 (10)
and [15]
X=%Z+X0 (11)
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The initial condition and the boundary condition are transformed
as follows:
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Then, Eq. (5) can be rewritten as
k
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Thus, we can get
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Taking Egs. (12) and (13) into account yields the solution as fol-
lows:
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Eq. (16) is just the analytical solution of Eq. (5) with Egs. (8) and
(9) as the initial condition and the boundary condition, respectively.
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Since the initial condition and the boundary condition are arbitrary
functions, the present model can simulate the case with the non-
uniform initial concentration distribution in the reactor instead of
only zero value and the case with inlet concentration to be a func-
tion of time. On the other hand, Eq. (16) shows that the concentra-
tion distribution of VOCs in a packed bed reactor depends on the
value of t—k,x/u,. Let the height of the reactor be H. Then, only
when t<k H/y, is satisfied, there exists a region in the reactor where
the concentration of VOCs is dependent on the initial condition.
When t>k H/u, is satisfied, the concentration distribution of VOCs
in the reactor is totally dependent on the inlet condition. Further-
more, if the boundary condition C,(t) is independent of time, the
reactor would arrive at steady state when t>k ,H/u, is satisfied.

As pointed out earlier, the function w(t) describes the reaction
pattern in a packed bed reactor. Here, two cases of w(t) will be con-
sidered. One case corresponds to the continuous illumination of light,
which reads

w(t)=1 17

Thus, we can get the following solution by substituting Eq. (17)
into Eq. (16)
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The other case corresponds to the periodical illumination of light:

W(t)z{l 0<t<T
0 T<t<2T

w(t+2T)=w(t) (19

where 2T is the period of illumination of light. The function w(t)
can be represented by an infinite series as follows:

w()=Y(-1)"U(t-nT) 0)
n=0
where U(t) is the unit step function:
U(t):{o t<0 (21)
1 t=0

Thus, Eq. (16) can be rewritten as follows:
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RESULTS AND DISCUSSION

In order to validate the present model, the predicted results were

compared with the experimental data of Wang et al. [2]. They carried
out photocatalytic oxidation in a stainless steel cylindrical reactor
filled with 2 mm diameter glass beads. The reactor is 5 cm in di-
ameter and 6 cm in height. The total 81.4 mg titanium dioxide was
coated onto the surface of glass beads. Since they used Langmuir
type reaction Kinetics equation instead of the first order kinetics, the
pseudo first-order rate constant was calculated based on the kinetic
reaction equation offered by them. Then, the constants of k,, and k,
could be obtained through Egs. (6)«(7). Here, the startup of the reac-
tor is simulated while the concentration of trichloroethylene in the
reactor keeps uniform with a value of 6.4 uM before the startup.
Fig. 1 depicts the outlet concentration of the reactor with a flow rate
of 300 ml-min' and an inlet concentration of 6.4 uM. A relatively
good agreement is obtained between the predicted results and the
experimental data. Computation shows that it takes around 20 minutes
for the reactor to arrive at a steady state, which is totally in agree-
ment with the experimental value. It should be pointed out that this
critical time is totally dependent on the adsorption capacity of the
catalyst. The good agreement of this critical time proves that the
present model simulates the transient behavior of the reactor well.
In Fig. 2 depicted are the concentrations at the inlet, outlet and
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Fig. 1. The outlet concentration of VOCs at the startup of the reac-

tor.
B- ~
~
s s - - - mid-height
~ N
% ~. inlet
hat 4 - = -~
(&} S e e e e e e e m e mmm—mmm——————a
T T T
0 5 10 15 20 25 30
. Time (min)
6 ~
~
~ -~
3 ~ . = == outlet
e 44 R inlet
= T
=] 2 Te- Al I ——
1 . . : , ; , : S , ;
0 5 10 15 20 25 30
Time (min)

Fig. 2. The concentration at different axial positions with time.
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mid-height with time at the startup. The inlet concentration is a given
constant, i.e., 6.4 uM. Before the tenth minute, the outlet concen-
tration and the mid-height concentration follow the same line. After
the tenth minute, the mid-height concentration becomes a constant
and does not change with time. The outlet concentration continues
to decline until the twentieth minute and keeps a constant after that
time. This is because the corresponding critical times are different
with respect to the different positions. The concentration distribu-
tions along the axial direction at different times are illustrated in
Fig, 3. At the initial time, the concentration keeps constant along the
axial direction because of no reaction at this time. At t=k ,H/1,, the
concentration assumes an exponential distribution along the axial
direction. After this time, the concentration in the reactor will be
independent of the time and keep a steady state. At t=0.5k, H/u,,
the concentration distribution in the range of x/H=0-0.5 is identical
to that at the steady state while that in the range of x/H=0.5-1.0 is
subject to the first part of Eq. (18). This is related with the fact that
these two ranges are just corresponding to the two parts of Eq. (18).

Fig. 4 shows the influence of the flow rate on the reaction rate.
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Fig. 3. The concentration distribution along axial direction at dif-
ferent time.
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Fig. 4. The reaction rates under different flow rates.
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There exists a relatively good agreement between the predicted values
and the experimental values in the range of flow rate investigated.
However, the predicted reaction rate slowly increases with the in-
crease of the flow rate until around 3000 ml-min™" while the experi-
mental value varied little over 300 ml-min™". Further research should
be carried out with the theory and the experiment in the future to
clarify this problem. Despite this discrepancy, both the experiment
and the model testify that the photocatalytic oxidation in the reac-
tor is reaction-controlled.

Although high flow rates promote mass transfer between the air
stream and the surface of the catalyst as well as the corresponding
reaction rate, it leads to the decrease of the conversion efficiency of
the photocatalytic oxidation, as shown in Fig. 5. It is due to the fact
that high flow rate leads to low retention time. Therefore, only a
part of VOCs is oxidized. Eq. (18) shows that the conversion effi-
ciency depends on the height of the reactor, the superficial velocity
u, and the value of k,. With the increase of the flow rate, the su-
perficial velocity u, increases much faster than the value of k.. So
the conversion efficiency decreases with the increase of the flow
rate.

The influence of inlet concentration on the reaction rate is de-
picted in Fig, 6. A relatively good agreement is obtained between
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Fig. 5. The conversion efficiency under different flow rates.
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Fig. 6. The reaction rate under different inlet concentrations.
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the experimental data and the predicted values. The predicted value
assumes a straight line with respect to the inlet concentration, which
is in accordance with the assumption of the first-order kinetics. The
agreement of the experimental data with the predicted values shows
that the first-order kinetics is reasonable in the range of the inlet
concentration investigated.

Since the reactor may operate under different reaction patterns,
an intermittent irradiation of light is simulated by using Eq. (22),
where the period of light switching on-off is 60 minutes. The pre-
dicted outlet concentration with time is shown in Fig. 7. In general,
the predicted results accord with the experimental data. Relatively
speaking, the coincidence of the predicted results and the experimen-
tal data in the desorption stage is slightly better than that in the ad-
sorption stage. Here, the adsorption constant and the rate constant
are not taken from Wang et al. [2,3]. In fact, Eq. (18) offers an al-
ternative to evaluate these two constants as follows:

At
km,:u‘? 23)
8-
—e— the experimental data from Wang et. al. (1998a)
74 Lo the predicted values
6
& 5]
=)
O 4
3
2
T T T y T Y T " T T T
0 30 60 90 120 150
Time (min)

Fig. 7. The outlet concentration with time when light switching on-
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Fig. 8. The concentration at different axial positions with time for
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where At is the time interval from the light switch-on to the time
when the concentration becomes steady, as shown in Fig. 7. It may
be around 20 minutes.
Sometimes, the inlet concentration can be a function of time, such
as that of sine and cosine functions. The selected functions are

C,(t)=6.4[2.0+cos(2 7t/86400)]
and

C()=6.42.0+sin(2 7t/86400)]

That is, the period of the inlet concentration is 24 h. The inlet, out-
let and mid-height concentrations for the inlet concentrations of sine
and cosine functions are shown in Fig. 8 and Fig. 9, respectively.
In these figures, it can be seen that the amplitude of the concentra-
tions is attenuated as the position (x/H) becomes far from the inlet.
The outlet concentrations with time corresponding to the inlet con-
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Fig. 9. The concentration at different axial positions with time for
cosine function.
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Fig. 10. The outlet concentrations with time for sine and cosine
functions.
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centrations of sine and cosine functions are depicted in Fig. 10. In
general, the mid-height concentrations also assume sine or cosine
function depending on the type of the inlet concentration. It comes
from the fact that the current analysis is based on the analysis with
the use of traveling wave method.

CONCLUSION

In this paper, a transient mathematical model is developed to de-
scribe the photocatalytic oxidation in a packed bed reactor. The packed
bed reactor is viewed as a kind of porous material. Here, the flow
is assumed to be one dimensional. Thus, the superficial velocity is
used to describe the flow in the reactor. The concentrations are as-
sumed to keep instantaneous equilibrium based on linear adsorp-
tion isotherm. The diffusion of VOCs in the axial direction is ne-
glected compared to the effect of the flow. The analytical solution
of the concentration equation is obtained through the traveling wave
method when the photocatalytic oxidation is assumed to be first
order and can be applied to cases with arbitrary inlet condition and
initial condition.

The present model is validated through the experimental data of
the startup of a reactor. The influence of the flow rate and the inlet
concentration on the reaction rate is investigated in detail. In the
range of flow rate investigated, a relatively good agreement between
the experimental data and the predicted values is obtained. In the
range of inlet concentrations studied, the predicted values repro-
duce the experimental data fairly well. A periodical illumination of
light is modeled, which shows that the outlet concentration also varies
periodically and the adsorption capacity of the reactor bed plays an
important role when switching on-off occurs.
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NOMENCLATURE
C : the concentration of VOCs in the air
C., :the solid-phase concentration of VOCs
d,  :particle diameter
H  :Reactor length
k,, :adsorption constant
k : rate constant

[\
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k,. :Henry’s constant.

k,  :the first order rate constant
t :time

T  :period

u, :the superficial velocity

U  :the unit step function

X : coordinate

z : auxiliary variable

f  :the specific area

¢ :the porosity of the reactor
Subscript

in :inlet

out :outlet
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