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Abstract

The photodegradation of some VOCs in an annular reactor is chemical step controlled. The limitation due to mass transfer is negligible.
The use of a combined plug-flow model shows that the apparent rate cokS}amegual taK representing the Langmuir—Hinshelwood rate
constants. So the design of an annular reactor using the L—H model can be considered. The photodegradability of the tested VOCs is strong
dependent on the produek. Trichloroethylene is the best degraded while toluene is the worst. The study of the mineralization rate, defined
as the ultimate degradation phase of the compounds, shows that this last is firstly dependent on the contact time and not on the nature of t
VOC. 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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1. Introduction can be considered as a possible method. The application
of heterogeneous catalytic oxidation to air pollution con-
Both industrial and domestic activities are responsible of trol is well established, as example the automotive exhaust
the emission of the volatile organic compounds (VO[&$) treatmentg5] and catalytic incineratiof6]. However, these
Most VOCs are toxic, and some of them can be considered ascatalysis processes operate at elevated temperatures. There-
carcinogenic, mutagenic or teratogej@L Howeverthemost ~ fore, a define need exist for developing innovative oxidative
significant problem related to the emission of these pollutants treatment methods that are prevailingly applicable to most
is the possible production of photochemical oxidants as 0zoneVOCs.
[3]. The emissions of the VOCs also contribute to localized  Photocatalytic oxidation of organic compounds in gas
pollution problems. phase appears to be a promising process for remediation of
As a consequence of these problems, VOCs have drawnair polluted by VOCs. Heterogeneous photocatalysis using
considerable attention in these last years. Therefore, thereTiO, has several attractions: (i) the catalyst is inexpensive,
is currently a great deal of interest in developing processes(ii) it operates at ambient temperature, (iii) the by-products
which can destroy these compourjdk Since a large num-  are usually C@ and HO, (iv) no other chemical reagent is
ber of VOCs are oxidizable, chemical oxidation processes needed.
This process has been widely studied in the case of water
treatment[7-11]. Gas-phase photocatalysis has been first
* Corresponding author. Tel.: +33 223238056; fax: +33 223238120, explored for the degradation of trichloroethylene (TCE) when
E-mail address: abdelkrim.bouzaza@ensc-rennes.fr (A. Bouzaza). TiO, was irradiated with ultraviolet lightL2,13] Since then,
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TCE photocatalytic degradation was investigated by severalyolume) equals to 720 iit. The thickness of the gas film was
authors[14-18] However, the degradation of other classes equal to 4 mm.

of VOCs has received little attentigh9—21]until these last
years. During the last decade, the gas-phase elimination of, , Experimental procedure
VOCs has received more attentifa].

While the UV/TIO, process is an attractive technique,  rpe ambient air was used as a gas carrier. Its relative
there are still key difficulties related to the cost and to the humidity was about 45-50% and the temperature was at
scale-up which will have to be overcorf#8]. So the chal- 54 7o¢. The concentration of the VOC in the contami-
lenge of photocatalysis consists of developing reactor design, 4iaq atmosphere was obtained by vaporization of organic
with increased efficiencj24]. For the design of a continuous compounds using predetermined values of flow rate. The

photocatalytic reactor, scalable to an industrial size, the mosty ;- vapor was then extracted. The temperature of the

Important parameters are: the catalyst configuration; the Spe-qent_containing bottle was maintained constant for pro-
cn‘llc.lllumlnated surface area; the mass transfer rate;_the_l|ghtviding VOCs vapor with a steady concentration. Then the
efficiency; the UV-source and the intrinsic reaction kinetics. ssecondary” flow air was mixed to the main stream.

Various photoreactors have been developed for the treatment  \yhan the VOC were gaseous at ambient temperature, as

of VOCs in air streams: slurry reactor, packed-bed reactor,  ;1ane the secondary flow gas was mixed directly to the main
fluidized-bed reactor, fixed-bed reactor and optical fiber reac- ;0 am

tor [25]. Fixed-bed reactor, also called thin film reactor, with In a typical test, a contaminated air stream was passed
coated TiQ on the surface of.the photoreactor is one of the through the photoreactor in the absence of UV illumination
most cqmmonly used due to its ease on opera{ﬂﬁrﬂ?}. . until the gas—solid adsorption equilibrium was established.

Inthis study, an annular photoreactor is used. The aim is t0 1his qark equilibration process provides a qualitative indi-
eval_uate the I_|m|tat|on step of the VQCs photodegradatlon.A cation of the adsorption affinity between the catalyst and
design equation, based on Langmuir-Hinshelwood and masse \yoc. After the adsorption process reached equilibrium
transfer model, is proposed. It can be used as the base Otdepending upon the nature of the VOC, the flow rate and
the photoreactqr scale-up. Th? effects of the gas floyv rate e concentration), as indicated by identical inlet/outlet VOC
and the VOCs inlet concentration are also studied. Finally, ;o centration, the UV illumination was turned on and the out-
the mlner_ahzgtlon process, which is the ultimate step of the let gas was sampled at regular intervals. A new steady state
degradation, is approached. was achieved about 30—-60 min after the light was turned on.
After completing the experiments, the reactor was flushed
under UV illumination for 1 h using clean air.

N.B.: The direct photolysis of toluene and other VOCs at

. 254 nm was found to be trivial by some auth{itg,28].
The VOCs used for the photodegradation were

trichloroethylene (TCE), toluene, isopropanol and butane

(Carlo Erba, 99% purity). No further purificatiqn of the prqd— 3. Results and discussion
ucts was done. The VOCs analysis was carried out using a

gas-phase chromatograph equipped with a flame ionization
detector (Fisons). The carbon dioxide produced was mea-
sured by an infrared detector (Cosma Beryl 100).

Catalyst was Ti@ P-25 from Degussa, primary diameter:
30nm, surface area: 5915n? g1 and crystal structure:
70% anatase, 30% rutile. The TiQellets were deposited on
glass fiber filter by Matrix Photocatalytic Inc. The amount
of catalyst was about 2.16 gTA. Filter weaving was loose
enough to let the light pass, so that all Bifellets would be
illuminated.

A plug-flow annular photoreactoiFig. 1) made up of
two stainless steel tubes: (2 cmx 160 cm, Ghiermnal 4 €m)
supplied by Matrix Photocatalytic Inc. was used. During e Gas phase:
experiments, only the first tube was photocatalytically active.

IIIumina}tion was .provided by a 150 W low pressure mercury u3£ + kmay(C — Cs) = 0 (1)
lamp with a maximum wavelength at 254 nm. The UV lamp dZ

was located at the center of the cylinder and was protecteds Solid phase:

by a quartz tube; 0.18 #rof photocatalytic support was fixed

on the quartz tube. Finally, the effective gas volume in the kmav(C — Cs) = k KCs )
active tube was 0.25 dinso the ratio (filter surface)/(reactor 1+ KCs

2. Experimental

3.1. Toluene photodegradation

3.1.1. Determination of the limiting step

Whereas the mass transfer rate could be very large and
not limiting for a batch reactdf9], the rate would be finite
and limiting in the case of the continuous reactor. When the
tubular reactor is used, it would be interesting to know if the
mass transfer rate or the kinetic is the limiting step.

Overall mass balances onthe gas phase and the solid phase,
in a continuous reactor at steady state, give the following
equationg30]:
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Fig. 1. Experimental set up.

In the above equationg; is the bulk gas-phase concentra- the degradation rate in a plug-flow reactor can be expressed

tions, Cs represents the concentration near the surface ofas

the photocatalyst. A Langmuir-Hinshelwood mechanismis 4~ kKC

assumed for the degradation of the VOC. This was estab- U7 = 14 KC

lished in a previous study concerning the tolu¢a@| and

this is the case for the major VO¢31]. whereZ represents the axial position in the photoreactor (m).
Usually we can assume th&Cs<1. Under these con-  Afterrearrangement, integration of E@) for the entire reac-

ditions the solid phase mass balance can be approximatedor length () leads to[25]:

(6)

to: In(Ce/Cs) kKL @
e Solid phase: CE—Cs  u(Cg—Cs)
kmay(C — Cs) = kKCs ©)) If the proposed L-H model is valid, a plot of

In(Ce/Cs)/(Ck — Cs) versus Lu(Ce — Cs) should be linear.

Using Eq.(3) to obtainCs and substituting in Eq(l) and  The slope should be equal k&L and the negative intercept
solving the resulting differential equation, we obtain the fol- \yith ordinate axis equal te K.

lowing solution[30]: Then the comparison between the valuek&f and k"
S L obtained respectively from EqJ.) and (4)will be done. This
Cr = exp <—k u) (4) will allow us to estimate the effect of mass transfer resistance

on the photodegradation of the VOCs.
wherek” represents the apparent rate constant (f)irL. the
length of the reactorCr the inlet concentration and the 3.2. Continuous photodegradation of the toluene
velocity of the gas through the reactor.

The productk” Liu is known as the reaction Damkohler The regression of experimental results using the L—H
number and is dimensionlegs.takes into account both the  model is represented iRig. 2 The data appears scattered
rate of the reaction at the surface of the immobilized catalyst even if the maximum experimental error is taken into

and the mass transfer of the reactant to the surface. account. This is probably due to the fact that the influence of
k" is given by the following equation: intermediate products is not negligible. This data dispersion

1 1 1 can also be due to the effect of the mass transfer. This will

==K + ke (5) be discussed later. However, the continuous degradation of

wherex is the reaction rate constant (molimin~1), K the 0,07

Langmuir adsorption constant (Imdl), &y, the mass trans- 0,06 . ﬁ

fer coefficient from gas to catalyst surface (m mihand 005 il it

0:04 E—/
0,03 /

ay the total effective catalyst area per unit volume of the
reactor (Mm=3). In Eq. (5), the two terms on the right-
hand representrespectively the reaction rate and mass transfer

In(C£/C)(Ce-C.)

resistance. 0,02

Eqg. (4) can be used to obtain the apparent rate constant 0,01 %mi
k" from known experimental values @fs/Cr at given flow 0 : : .
velocity u. The value ofCs is assumed to be equal to the 0 0,2 04 0,6 0,8
outlet concentration. 1/(C¢-C.).u

If we suppose that the mass transfer is not the limiting step
and that the effect of intermediate product is negligible, then Fig. 2. Regression of experimental results with &9.
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Fig. 3. Comparison between the experimental and the predicted outlet CON- ~te = 0.2 1A h-1)

centration Cg varies from 20 to 100 mg T, gas flow rate = 1 hh=1).

to the mass transfer is negligible. It is interesting to note that
toluene in a plug-flow reactor can be represented by L-H in the liquid phase, when using tubular reactor, Dijkstra et al.
model. [24] give a value of mass transfer coefficient about 100 times

The values of L—H rate constant and Langmuir adsorp- |ess.

tion constant, obtained from the linear regression, are  N.B.: Some ratio values given Fable lare sometimes less
k=13.39mgnm3s tandk =0.0049 "i mg~1. Thesevalues  than 1. For example, for the same flow velocity (0.23-0.25),
are different from those obtained in a previous work on the the ratio varies from 0.38 to 1.02. The same observation can
batch reactof29]. The L-H rate constantis about three times be made concerning the flow velocity values 0.48 and 0.51.
higher in the continuous plug-flow reactor, whereas the Lang-  This is probably due, in our point of view, to the “flow
muir adsorption constant is three times less. It is interesting instability”. The Reynolds number varies from 57 to 292 for
to note that the degradation rate is dependent on the producthe highest flow velocity. Even if the flow is laminar some
kK, which is the same for batch and continuous reactors stud-|ocalized turbulences can appears due to the roughness of the
ied. Therefore a higher adsorption constant does not alwayscatalytic media, and this leads to the improvement of the mass
resultin a higher degradation rate. transfer. The appearance of these turbulences being random,

Eq. (7) can be used as a design model to predict the out- this can explain the differences observed.
let concentration in a plug-flow reactdfig. 3 shows the

comparison between the experimental and calculated out-3.3. Effect of the inlet concentration on the toluene
let concentration for a given gas flow rate. The kinetic step degradation
seems to be the limited step for the photodegradation of the

toluene. Moreover, the design equation (E4) can be used The degradation of toluene decreases when the inlet con-

to determine the reactor length required to achieve a desiredcentration increase$ig. 4). This can be due to the limited

degradation rate. amount of the active sites on the surface of J&ailable for
Nevertheless, it would be useful to obtain the apparent the adsorption of toluene before the decomposition. Similar

rate constank from experimental values and to compare results were observed by many auth@s). The experimen-

the influence of different parameters such as toluene concen+al results can be correlated by the L-H rate equation. Because

tration and flow rate. The apparent rate constantill be the inlet concentration is low, the L—H kinetic equation could

compared to the reaction rate constafet{e . be reduced to a pseudo-first order rate equation:
We note that the ratib /kK approaches 1, the overall mass
transfer is equal to the reaction rate constar) gven if the In (CF) = kit (8)
flow velocity is low. The mass transfer step is not the lim- Cs
ited step, the photodegradation of the toluene is reaction rateynere, is the pseudo-first-order rate constant, anthe
controlled in the plug-flow reactor. Using the semi-empirical stention time.
Léveque equatior32], the mass transfer coefficienty)
was evaluated. The values obtained were about 10-100 timesy 4 Photodegradation of isopropyl alcohol, TCE and

higher thark”. This confirms that the resistancek@éy) due butane

Table 1 . o The study of the photodegradation of other VOCs has been
Values of overall mass transfef j and the raticc /kK carried out on the same plug-flow reactor. The L—H model
u(ms?) 010 023 025 025 046 046 048 051 js used to representthe experimental results obtained. The

* a1 . . .
k(s 006 007 005 003 008 006 008 003 qgther\VOCs studied are isopropyl alcohol, tricholoroethylene
K kK 097 102 069 033 116 090 119 040 (repyandiirane
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0,035 Table 2
0.03 =4 Values of the L—H constants model
% R?=0,8197 “3 1 3 -1 1
Q o025 P voC k(mgm3s1) K (m®mg1) kK (s7Y)
g“ 0.02 / Isopropyl alcohol 2382 0.0096 0.244
5 TCE 729254 0.0017 1.240
O 0015 ; Butane 27461 0.0199 0.546
‘T.I. . .
QO 0,01 Toluene 13388 0.0049 0.066
= P
= 0,005 d
9 o 005 o1 o5 rate constantk) seems to be the predominant parameter in
' ’ ' the photodegradation of the VOCs studied. Toluene, as an
TH(CCo.u) aromatic compound is the least degraded. TCE is the most
Fig. 5. Photocatalytic degradation of isopropyl alcol@ yaries from 100 degraded even if its molecular _StrUCture is double bonded.
to 200 mg nT3). This can be due to the fact that this compound absorbs 254 nm
irradiation. So some photolysis of TCE occurs and this leads
0,035 - tothe formation of free radicals ©lvhich accelerate the reac-
0,03 RP=08968 A5, tion [33,34] The photocatalysis leads also to the formation
3 0,025 @ of Cl°.
S oo /
> / 3.5. Mineralization
QO 0015 /
4 . . o
T oo The experimental quantity of the produced carbon dioxide
0,005 is compared to the theoretical. This last is the quantity which
0- , : : : can be obtained if the VOC degradation is complete, i.e. leads
0 0,005 0,01 0,015 0,02 0,025 to the formation of carbon dioxide, water and minerals. For
1/((C¢-C;).u) example, when one mole of butane is degraded it will lead to
_ _ _ _ the formation of four moles of carbon dioxide.
Fig. 6. Phgtocatalytlc degradation of TCHH varies from 100 to We note that for all the VOCs, the mineralization rate
2000 mg n°).

(Fig. 8) is hardly dependent on the inlet gas flow rate. The

) mineralization rate decreases when the gas flow increases.
The experimental results and the L-H model are repre- |hqeed the increasing inlet gas flow leads to less contact time

sented irFigs. 5-7 o then the complete degradation cannot occur. The mineraliza-
We note that for all the VOCs, the kinetic step seems 10 {jon, rate varies from high value (>80%), at the low flow rate,

be the limited step. The L-H model gives a correct corre-  |ess value (<30%) at the high flow rate. Except butane, the

lation with the experimental results. The values of the L-H 5t re of the VOCs seems not to have a significant effect.

constants are given ifable 2 _ _ The mineralization rate is strongly dependent on the contact
As we reported above, the degradation rate is dependentjye.

on k and K. A lower adsorption constant does not always  gyrthermore, in the experiments carried out with different
resultin a lower degradation rate. For example, it can be SeeNinlet VOCs concentrations. we notBig. 9) that the miner-
(Table 3 that TCE had the lower adsorption constantbutisthe jization rate decreases when increasing inlet concentration.

most degraded constituent. And toluene, even if its adsOrp-Thg competitive effect between the by-product and the initial
tion constantis not the lowest, is the least degraded. The L-H o nstituent can explain this behavior. Indeed the number of

0,09 120
0,08 /I—I—l 3
5 007 R2=0,0629 = % .
Q 8
& 0 }( e 80 x 5
= 005 s . R
3 yd 2 60
J 004 — | .
£
£ 0,02 I g i X X
0,01 . s
0 * 1 ; ; 0 : ; :
0 0,05 0.1 015 0 250 500 750 1000
1/((C¢-Cs).u) Gas flowrate (I/h)

Fig. 7. Photocatalytic degradation of the butaiig {/aries from 80 to Fig. 8. Rate of VOCs mineralization vs. inlet gas flow ra#:toluene; W)
500 mg nt3). isopropyl alcohol; &) TCE; (x) butane.
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