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Photocatalytic degradation of some VOCs in the gas phase using an
annular flow reactor

Determination of the contribution of mass transfer and chemical
reaction steps in the photodegradation process
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The photodegradation of some VOCs in an annular reactor is chemical step controlled. The limitation due to mass transfer is
he use of a combined plug-flow model shows that the apparent rate constant (k* ) is equal tokK representing the Langmuir–Hinshelwood r
onstants. So the design of an annular reactor using the L–H model can be considered. The photodegradability of the tested VOC
ependent on the productkK. Trichloroethylene is the best degraded while toluene is the worst. The study of the mineralization rate
s the ultimate degradation phase of the compounds, shows that this last is firstly dependent on the contact time and not on the
OC. Moreover increasing the inlet VOC concentration leads to a decrease in the mineralization rate.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Both industrial and domestic activities are responsible of
he emission of the volatile organic compounds (VOCs)[1].
ost VOCs are toxic, and some of them can be considered as

arcinogenic, mutagenic or teratogenic[2]. However the most
ignificant problem related to the emission of these pollutants
s the possible production of photochemical oxidants as ozone
3]. The emissions of the VOCs also contribute to localized
ollution problems.

As a consequence of these problems, VOCs have drawn
onsiderable attention in these last years. Therefore, there
s currently a great deal of interest in developing processes
hich can destroy these compounds[4]. Since a large num-
er of VOCs are oxidizable, chemical oxidation processes
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can be considered as a possible method. The applic
of heterogeneous catalytic oxidation to air pollution c
trol is well established, as example the automotive exh
treatments[5] and catalytic incineration[6]. However, thes
catalysis processes operate at elevated temperatures.
fore, a define need exist for developing innovative oxida
treatment methods that are prevailingly applicable to m
VOCs.

Photocatalytic oxidation of organic compounds in
phase appears to be a promising process for remediat
air polluted by VOCs. Heterogeneous photocatalysis u
TiO2 has several attractions: (i) the catalyst is inexpen
(ii) it operates at ambient temperature, (iii) the by-prod
are usually CO2 and H2O, (iv) no other chemical reagent
needed.

This process has been widely studied in the case of w
treatment[7–11]. Gas-phase photocatalysis has been
explored for the degradation of trichloroethylene (TCE) w
TiO2 was irradiated with ultraviolet light[12,13]. Since then
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TCE photocatalytic degradation was investigated by several
authors[14–18]. However, the degradation of other classes
of VOCs has received little attention[19–21]until these last
years. During the last decade, the gas-phase elimination of
VOCs has received more attention[22].

While the UV/TiO2 process is an attractive technique,
there are still key difficulties related to the cost and to the
scale-up which will have to be overcome[23]. So the chal-
lenge of photocatalysis consists of developing reactor design
with increased efficiency[24]. For the design of a continuous
photocatalytic reactor, scalable to an industrial size, the most
important parameters are: the catalyst configuration; the spe-
cific illuminated surface area; the mass transfer rate; the light
efficiency; the UV-source and the intrinsic reaction kinetics.
Various photoreactors have been developed for the treatment
of VOCs in air streams: slurry reactor, packed-bed reactor,
fluidized-bed reactor, fixed-bed reactor and optical fiber reac-
tor [25]. Fixed-bed reactor, also called thin film reactor, with
coated TiO2 on the surface of the photoreactor is one of the
most commonly used due to its ease on operation[26,27].

In this study, an annular photoreactor is used. The aim is to
evaluate the limitation step of the VOCs photodegradation. A
design equation, based on Langmuir–Hinshelwood and mass
transfer model, is proposed. It can be used as the base of
the photoreactor scale-up. The effects of the gas flow rate
and the VOCs inlet concentration are also studied. Finally,
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volume) equals to 720 m−1. The thickness of the gas film was
equal to 4 mm.

2.1. Experimental procedure

The ambient air was used as a gas carrier. Its relative
humidity was about 45–50% and the temperature was at
20± 2◦C. The concentration of the VOC in the contami-
nated atmosphere was obtained by vaporization of organic
compounds using predetermined values of flow rate. The
VOC vapor was then extracted. The temperature of the
solvent-containing bottle was maintained constant for pro-
viding VOCs vapor with a steady concentration. Then the
“secondary” flow air was mixed to the main stream.

When the VOC were gaseous at ambient temperature, as
butane, the secondary flow gas was mixed directly to the main
stream.

In a typical test, a contaminated air stream was passed
through the photoreactor in the absence of UV illumination
until the gas–solid adsorption equilibrium was established.
This dark equilibration process provides a qualitative indi-
cation of the adsorption affinity between the catalyst and
the VOC. After the adsorption process reached equilibrium
(depending upon the nature of the VOC, the flow rate and
the concentration), as indicated by identical inlet/outlet VOC
c out-
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he mineralization process, which is the ultimate step o
egradation, is approached.

. Experimental

The VOCs used for the photodegradation w
richloroethylene (TCE), toluene, isopropanol and bu
Carlo Erba, 99% purity). No further purification of the pro
cts was done. The VOCs analysis was carried out us
as-phase chromatograph equipped with a flame ioniz
etector (Fisons). The carbon dioxide produced was
ured by an infrared detector (Cosma Beryl 100).

Catalyst was TiO2 P-25 from Degussa, primary diamet
0 nm, surface area: 50± 15 m2 g−1 and crystal structure
0% anatase, 30% rutile. The TiO2 pellets were deposited o
lass fiber filter by Matrix Photocatalytic Inc. The amo
f catalyst was about 2.16 g m−2. Filter weaving was loos
nough to let the light pass, so that all TiO2 pellets would be

lluminated.
A plug-flow annular photoreactor (Fig. 1) made up o

wo stainless steel tubes (L: 2 cm× 160 cm, Øinternal: 4 cm)
upplied by Matrix Photocatalytic Inc. was used. Dur
xperiments, only the first tube was photocatalytically ac
llumination was provided by a 150 W low pressure merc
amp with a maximum wavelength at 254 nm. The UV la
as located at the center of the cylinder and was prote
y a quartz tube; 0.18 m2 of photocatalytic support was fixe
n the quartz tube. Finally, the effective gas volume in
ctive tube was 0.25 dm3, so the ratio (filter surface)/(reac
oncentration, the UV illumination was turned on and the
et gas was sampled at regular intervals. A new steady
as achieved about 30–60 min after the light was turne
fter completing the experiments, the reactor was flus
nder UV illumination for 1 h using clean air.

N.B.: The direct photolysis of toluene and other VOC
54 nm was found to be trivial by some authors[22,28].

. Results and discussion

.1. Toluene photodegradation

.1.1. Determination of the limiting step
Whereas the mass transfer rate could be very large

ot limiting for a batch reactor[29], the rate would be finit
nd limiting in the case of the continuous reactor. When

ubular reactor is used, it would be interesting to know if
ass transfer rate or the kinetic is the limiting step.
Overall mass balances on the gas phase and the solid

n a continuous reactor at steady state, give the follow
quations[30]:

Gas phase:

u
∂C

∂Z
+ kmav(C − CS) = 0 (1)

Solid phase:

kmav(C − CS) = k
KCS

1 + KCS
(2)
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Fig. 1. Experimental set up.

In the above equations,C is the bulk gas-phase concentra-
tions, CS represents the concentration near the surface of
the photocatalyst. A Langmuir–Hinshelwood mechanism is
assumed for the degradation of the VOC. This was estab-
lished in a previous study concerning the toluene[29] and
this is the case for the major VOCs[31].

Usually we can assume thatKCS < 1. Under these con-
ditions the solid phase mass balance can be approximated
to:

• Solid phase:

kmav(C − CS) = kKCS (3)

Using Eq.(3) to obtainCS and substituting in Eq.(1) and
solving the resulting differential equation, we obtain the fol-
lowing solution[30]:

CS

CF
= exp

(
−k∗ L

u

)
(4)

wherek* represents the apparent rate constant (min−1), L the
length of the reactor,CF the inlet concentration andu the
velocity of the gas through the reactor.

The productk* L/u is known as the reaction Damkohler
number and is dimensionless.k* takes into account both the
rate of the reaction at the surface of the immobilized catalyst
and the mass transfer of the reactant to the surface.
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the degradation rate in a plug-flow reactor can be expressed
as

u
dC

dZ
= − kKC

1 + KC
(6)

whereZ represents the axial position in the photoreactor (m).
After rearrangement, integration of Eq.(6) for the entire reac-
tor length (L) leads to[25]:

ln(CF/CS)

CF − CS
= kKL

u(CF − CS)
− K (7)

If the proposed L–H model is valid, a plot of
ln(CF/CS)/(CF − CS) versus 1/u(CF − CS) should be linear.
The slope should be equal tokKL and the negative intercept
with ordinate axis equal to−K.

Then the comparison between the value ofkK and k*

obtained respectively from Eqs.(7) and (4)will be done. This
will allow us to estimate the effect of mass transfer resistance
on the photodegradation of the VOCs.

3.2. Continuous photodegradation of the toluene

The regression of experimental results using the L–H
model is represented inFig. 2. The data appears scattered
even if the maximum experimental error is taken into
a e of
i sion
c will
b on of
k* is given by the following equation:

1

k∗ = 1

kK
+ 1

kmav
(5)

herek is the reaction rate constant (mol l−1 min−1), K the
angmuir adsorption constant (l mol−1), km the mass trans

er coefficient from gas to catalyst surface (m min−1) and
v the total effective catalyst area per unit volume of
eactor (m2 m−3). In Eq. (5), the two terms on the righ
and represent respectively the reaction rate and mass tr
esistance.

Eq. (4) can be used to obtain the apparent rate con
* from known experimental values ofCS/CF at given flow
elocity u. The value ofCS is assumed to be equal to t
utlet concentration.

If we suppose that the mass transfer is not the limiting
nd that the effect of intermediate product is negligible,
r

ccount. This is probably due to the fact that the influenc
ntermediate products is not negligible. This data disper
an also be due to the effect of the mass transfer. This
e discussed later. However, the continuous degradati

Fig. 2. Regression of experimental results with Eq.(7).
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Fig. 3. Comparison between the experimental and the predicted outlet con-
centration (CF varies from 20 to 100 mg m−3, gas flow rate = 1 m3 h−1).

toluene in a plug-flow reactor can be represented by L–H
model.

The values of L–H rate constant and Langmuir adsorp-
tion constant, obtained from the linear regression, are
k = 13.39 mg m−3 s−1 andK = 0.0049 m3 mg−1. These values
are different from those obtained in a previous work on the
batch reactor[29]. The L–H rate constant is about three times
higher in the continuous plug-flow reactor, whereas the Lang-
muir adsorption constant is three times less. It is interesting
to note that the degradation rate is dependent on the product
kK, which is the same for batch and continuous reactors stud-
ied. Therefore a higher adsorption constant does not always
result in a higher degradation rate.

Eq. (7) can be used as a design model to predict the out-
let concentration in a plug-flow reactor.Fig. 3 shows the
comparison between the experimental and calculated out-
let concentration for a given gas flow rate. The kinetic step
seems to be the limited step for the photodegradation of the
toluene. Moreover, the design equation (Eq.(7)) can be used
to determine the reactor length required to achieve a desired
degradation rate.

Nevertheless, it would be useful to obtain the apparent
rate constantk* from experimental values and to compare
the influence of different parameters such as toluene concen-
tration and flow rate. The apparent rate constantk* will be
compared to the reaction rate constant (Table 1).
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u .51
k .03
k .40

Fig. 4. Evolution of the degradation rate vs. inlet concentration (gas flow
rate = 0.2 m3 h−1).

to the mass transfer is negligible. It is interesting to note that
in the liquid phase, when using tubular reactor, Dijkstra et al.
[24] give a value of mass transfer coefficient about 100 times
less.

N.B.: Some ratio values given inTable 1are sometimes less
than 1. For example, for the same flow velocity (0.23–0.25),
the ratio varies from 0.38 to 1.02. The same observation can
be made concerning the flow velocity values 0.48 and 0.51.

This is probably due, in our point of view, to the “flow
instability”. The Reynolds number varies from 57 to 292 for
the highest flow velocity. Even if the flow is laminar some
localized turbulences can appears due to the roughness of the
catalytic media, and this leads to the improvement of the mass
transfer. The appearance of these turbulences being random,
this can explain the differences observed.

3.3. Effect of the inlet concentration on the toluene
degradation

The degradation of toluene decreases when the inlet con-
centration increases (Fig. 4). This can be due to the limited
amount of the active sites on the surface of TiO2 available for
the adsorption of toluene before the decomposition. Similar
results were observed by many authors[25]. The experimen-
tal results can be correlated by the L–H rate equation. Because
the inlet concentration is low, the L–H kinetic equation could
b
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(

We note that the ratiok* /kK approaches 1, the overall ma
ransfer is equal to the reaction rate constant (kK) even if the
ow velocity is low. The mass transfer step is not the
ted step, the photodegradation of the toluene is reaction
ontrolled in the plug-flow reactor. Using the semi-empir
êvêque equation[32], the mass transfer coefficient (km)
as evaluated. The values obtained were about 10–100
igher thank* . This confirms that the resistance (1/kmav) due

able 1
alues of overall mass transfer (k* ) and the ratiok* /kK

(m s−1) 0.10 0.23 0.25 0.25 0.46 0.46 0.48 0
* (s−1) 0.06 0.07 0.05 0.03 0.08 0.06 0.08 0
* /kK 0.97 1.02 0.69 0.38 1.16 0.90 1.19 0
e reduced to a pseudo-first order rate equation:

n

(
CF

CS

)
= k1τ (8)

herek1 is the pseudo-first-order rate constant, andτ the
etention time.

.4. Photodegradation of isopropyl alcohol, TCE and
utane

The study of the photodegradation of other VOCs has
arried out on the same plug-flow reactor. The L–H m
s used to represent the experimental results obtained
ther VOCs studied are isopropyl alcohol, tricholoroethy
TCE) and butane.
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Fig. 5. Photocatalytic degradation of isopropyl alcohol (CF varies from 100
to 200 mg m−3).

Fig. 6. Photocatalytic degradation of TCE (CF varies from 100 to
2000 mg m−3).

The experimental results and the L–H model are repre-
sented inFigs. 5–7.

We note that for all the VOCs, the kinetic step seems to
be the limited step. The L–H model gives a correct corre-
lation with the experimental results. The values of the L–H
constants are given inTable 2.

As we reported above, the degradation rate is dependent
on k and K. A lower adsorption constant does not always
result in a lower degradation rate. For example, it can be seen
(Table 2) that TCE had the lower adsorption constant but is the
most degraded constituent. And toluene, even if its adsorp-
tion constant is not the lowest, is the least degraded. The L–H

F
5

Table 2
Values of the L–H constants model

VOC k (mg m−3 s−1) K (m3 mg−1) kK (s−1)

Isopropyl alcohol 25.382 0.0096 0.244
TCE 729.254 0.0017 1.240
Butane 27.461 0.0199 0.546
Toluene 13.388 0.0049 0.066

rate constant (k) seems to be the predominant parameter in
the photodegradation of the VOCs studied. Toluene, as an
aromatic compound is the least degraded. TCE is the most
degraded even if its molecular structure is double bonded.
This can be due to the fact that this compound absorbs 254 nm
irradiation. So some photolysis of TCE occurs and this leads
to the formation of free radicals Cl• which accelerate the reac-
tion [33,34]. The photocatalysis leads also to the formation
of Cl•.

3.5. Mineralization

The experimental quantity of the produced carbon dioxide
is compared to the theoretical. This last is the quantity which
can be obtained if the VOC degradation is complete, i.e. leads
to the formation of carbon dioxide, water and minerals. For
example, when one mole of butane is degraded it will lead to
the formation of four moles of carbon dioxide.

We note that for all the VOCs, the mineralization rate
(Fig. 8) is hardly dependent on the inlet gas flow rate. The
mineralization rate decreases when the gas flow increases.
Indeed the increasing inlet gas flow leads to less contact time
then the complete degradation cannot occur. The mineraliza-
tion rate varies from high value (>80%), at the low flow rate,
to less value (<30%) at the high flow rate. Except butane, the
n ffect.
T ntact
t

rent
i -
a ation.
T itial
c er of

F
i

ig. 7. Photocatalytic degradation of the butane (CF varies from 80 to
00 mg m−3).
ature of the VOCs seems not to have a significant e
he mineralization rate is strongly dependent on the co

ime.
Furthermore, in the experiments carried out with diffe

nlet VOCs concentrations, we note (Fig. 9) that the miner
lization rate decreases when increasing inlet concentr
he competitive effect between the by-product and the in
onstituent can explain this behavior. Indeed the numb

ig. 8. Rate of VOCs mineralization vs. inlet gas flow rate: (�) toluene; (�)
sopropyl alcohol; (�) TCE; (×) butane.
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Fig. 9. Effect of the inlet TCE concentration on the mineralization rate: (�)
CF = 100 mg m−3; (�) CF = 2000 mg m−3.

active sites was constant, when the inlet VOC concentration
increase, the competition between this last and by-products
increases. This leads to a desorption of the by-products and
then to a decrease in the mineralization rate. A follow-up
in concentration of the by-products, in the effluent, would
make it possible to confirm this assumption. Unfortunately
this could not be done.

At high flow rate, the mineralization rate becomes inde-
pendent on the inlet concentration. In other words, the contact
time becomes the prevalent factor. The behavior is the same
for all the VOCs.

4. Conclusion

The photodegradation of some VOCs in a plug-flow reac-
tor was studied. The limited step of the process is the chemical
one. The use of Langmuir–Hinshelwood model gives a good
correlation of the experimental results and allows us to deter-
mine the reaction rate constantk and the adsorption constant
K. The photodegradation of the VOCs depends on the prod-
uctkK. The TCE were the best degraded probably due to the
formation of free radical Cl• while toluene were the least.

A model based on a combination of mass transfer and
chemical steps was used to correlate the experimental results
The comparison of the apparent rate constant (k* ) and the
p of
t pted
t le-up
t

ows
t ature
o ion.
A ill
g n of
t
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