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a b s t r a c t

The present work involves the photocatalytic degradation of indole on a recirculating reactor. The effects
of various factors as initial concentration of indole, catalyst-loading, pH, agitation and flow rate of the
solution on the photodegradation were examined. The experimental results indicate that the optimal pH
for indole elimination is about 6–7; the effect of catalyst loading shows an optimal value (1 g/L) which is
vailable online 11 December 2008
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necessary to degrade indole; the increase of recirculating rate leads to a decrease of degradation rate due
to the reduction of the residence time; the agitation speed has a slight influence on the indole degradation
by improving the mass transfer step. Finally, L–H model was used to fit experimental results concerning
the influence of experimental data. L–H model constants’ were determined also.

© 2008 Elsevier B.V. All rights reserved.
astewater

. Introduction

The industrial and agricultural activities contribute to increasing
he contamination (pollution) of soil, water surface and ground-
ater. Wastewater treatment is usually based on physical and
iological processes. After elimination of particles in suspension,
he usual processes are biological treatment (natural decontami-
ation) [1,2]. To perform the wastewater treatment, unfortunately,
he conventional chemical and physical methods are not destruc-
ive, but only transfer the pollutant from one phase to another.
herefore, a new and different kind of pollution is faced and fur-
her treatments are required [3]. The ideal wastewater treatment

ethod will not only completely degrade the primary pollutant,
ut will also mineralise all organics and also be cost effective [4].

In the near future, advanced oxidation techniques (AOT’s) are
romising methods for wastewater treatment [5,6]. The AOT’s can
e used alone or in combination with biological steps in order

o insure an efficient level of pollutants abatement [7,8]. Such
dvanced oxidation processes (AOPs) include, amongst others,
zone oxidation, hydrogen peroxide, hydrogen peroxide/ferrous
r ferric ion (the so-called Fenton’s reagent), UV irradiation,

∗ Corresponding author at: Laboratoire «Chimie et Ingénierie des Procédés», UMR
226, «Sciences Chimiques de Rennes», Ecole Nationale Supérieure de Chimie de
ennes, 35700 Rennes, France. Tel.: +33 223 23 8056; fax: +33 223 23 8120.

E-mail address: abdelkrim.bouzaza@ensc-rennes.fr (A. Bouzaza).

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.12.047
photocatalysis, electrochemical oxidation, as well as various com-
binations of them [9,10]. Usually AOT’s lead, in aqueous phase, to
OH• radicals production having a very high oxidative potential. The
hydroxyl radical is able to mineralise the majority of organic com-
pounds. Among the AOT’s, photocatalysis use semiconductors to
produce hydroxyl radicals by irradiation. The mechanisms of pho-
tocatalysis are well documented [11–13]. Photocatalytic oxidation
involves the use of a semiconducting material, such as TiO2, along
with enough light energy to promote an electron from the valance
band to the conduction band [14]. The energy requirement for this
reaction is equivalent to the band gap energy of the material used.
The produced electron/hole pairs are used as reducing/oxidizing
agents. The positively charged holes oxidize the organic compounds
adsorbed on the catalyst surface. In addition, hydroxyl radicals are
produced in aqueous system. The hydroxyl radicals serve as a strong
oxidizing agent for the conversion of organic molecules to carbon
dioxide [15,16]. To prevent electron/hole recombination from occur-
ring, the electrons must also be consumed. Oxygen molecules are
converted to superoxide molecules upon reacting with electrons.
Therefore, oxygen is added, as an electron acceptor, to the reaction
mixture as a way to minimize the recombination of electrons and
holes [17].
TiO2 is one of the suitable semiconductors for photocatalysis
and has been applied into various photocatalytic reactions [18,19].
Its use, on wastewater remediation, is based on several factors: (1)
the process occurs under ambient conditions; (2) the formation of
photocatalysed intermediate stable products, unlike direct photol-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:abdelkrim.bouzaza@ensc-rennes.fr
dx.doi.org/10.1016/j.jhazmat.2008.12.047
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sis techniques, is avoided; (3) oxidation of the substrates to CO2 is
omplete; (4) it is inexpensive and has a high turnover; (5) the pro-
ess offers great potential as an industrial technology to detoxify
astewaters [20].

Indole and methyl indole produced by biodegradation of pro-
eins are found as characteristic substances in wastewater from
attle farm and in liquid manure. Level as high as several mg/L are
bserved in pig-breeding manure [21]. Indole and its derivatives
ave unpleasant smell but can cause more important damage to

iving organisms. They are highly toxic and are even mutagenic and
arcinogenic [22].

Indole belongs to nitrogen-heterocyclic compounds (NHCs)
amily. Some studies concerning its removal by biological or chem-
cal methods are reported in the literature [23]. AOPs seem to be

ore effective. However, some residual chemicals (as O3 or H2O2)
sed can induce environmental risk or toxicity [23]. The photocatal-
sis of indole and its derivatives can be an interested challenge since
here are no chemicals used and by-products are essentially H2O
nd CO2 [24,25].

The aim of the present work is to study the photodegradation
f indole, as a model molecule, in order to define the basic data for
he design of a pilot unit of solar wastewater treatment in “Unité
vicole de Taboukert” (poultry), Algeria. The Effects of parameters

ike the initial concentration of indole, catalyst loading, pH, airflow
ate, agitation of the solution, and the flow rate of solution will be
tudied.

. Experimental

.1. Materials and products

All the experiments were carried out on a recirculating plant
Fig. 1). The glass jacket reactor used has an internal volume equal
o 0.9 L. A UV lamp (emission spectra between 340 and 400 nm,
hillips PL-L24W/4P) with a power of 24 W was used. The UV lamp
as positioned centrally in the reactor, inside a quartz tube (jacket),

urrounded by the indole solution (see Fig. 1).

The lamp was totally immersed in the reactor and therefore the

aximum light irradiation was achieved. Diameter of the quartz
ube (jacket) was the minimum to hold the lamp and thus the
dsorption of light photons by oxygen molecules in the air around
he lamp was minimized. A pump, located below the reactor, pro-

ig. 1. Experimental system. 1: Glass jacket reactor; 2: UV lamp; 3: tank; 4: solution;
: centrifugal pump; 6: cryostat of circulation water; 7: quartz jacket; 8: water inlet;
: water outlet; 10: flow meter; 11: valve; 12: by pass; 13: air pump.
Materials 166 (2009) 1244–1249 1245

vides an adjustable circulating flow. The reactor is equipped with
a water-flow jacket for regulating the temperature by means of an
external circulating flow (JULABO) with an accuracy of ±0.1 ◦C. Air
was supplied at a constant flow-rate using an air pump (micro-air
compressor). The whole reactor was covered with an aluminium
thin layer to prevent UV emission.

The indole used was purchased from Fluka and its purity is
higher than 99%. All the solutions were prepared by dissolving the
pollutant in bi-distilled water. A volume of 1.2 L was used in each
experiment.

The medium provided by Ahlström is a perforated nonwoven
textile composed of cellulosic fibres coated with a mix of cat-
alyst (TiO2 Millennium PC 500, specific area = 317 m2 g−1). It is
referenced as Media 1048 by Ahlström. The quantity of catalyst
deposited is equal to 25.5 g m−2. The use of immobilised catalyst
permits to avoid the separation step of the particles.

The evolution of indole concentration is followed by UV–visible
spectrophotometer (Shimadzu mini 1240) by sampling 5 mL of
solution. Absorbance of the samples is measured after 5 min of cen-
trifugation. Sulphuric acid and sodium hydroxide, used to adjust the
pH solution were Merck products. The pH and temperature of the
solution were monitored during the runs (Inolab system).

2.2. Experimental procedure

A desired quantity of the photocatalyst is placed in the reactor
then indole solution (1.2 L) is added in the tank. Before irradiation,
the solution is flowing during a period of 60 min in the dark. We
note a decrease of the concentration during the first minutes. This
is due to the adsorption, on the catalyst surface, which is the first
step on the heterogeneous catalysis. After 50 min, the steady state
is reached.

Then the UV lamp is switched on to initiate the irradiation and
the photocatalysis process.

It should be noted that indole on TiO2 (in our conditions) leads in
all cases to very low adsorbed level (<1% of the indole). Experimen-
tal results demonstrate also that in our system the disappearance
of indole by evaporation is negligible.

During the photodegradation, aeration rate of 1 L/min was main-
tained. The duration of all the experiences was fixed at 120 min.

3. Results and discussion

As reported above, the influence of some experimental param-
eters will be studied and discussed.

3.1. Effect of catalyst concentration

The optimal amount of photocatalyst to achieve the maximum
efficiency of the process depends on the nature of the catalyst, the
geometry of the reactor, the incident radiant flux and the mean
optical pathway within the suspension [26]. The catalyst dosage
as an important parameter has been extensively studied in many
photocatalytic reactions suggesting that the optimal TiO2 dosage
varies from 0.15 to 2.5 g/L [27].

In the present study, degradation of indole (10 mg/L) with differ-
ent amounts of TiO2 (from 0.5 to 2 g/L which correspond to a surface
sample varying from 0.0196 to 0.0784 m2, respectively) was carried
out during 2 h. The experimental results are shown on Fig. 2. We
note that, in a first time, the rate of indole degradation increases
with increasing TiO2 concentration up to a certain value. Then the

increase of TiO2 leads to a decrease of degradation efficiency. The
initial rates at varying TiO2 concentrations are determined from the
initial slopes and are plotted against the TiO2 concentrations (Fig. 3).
We note the existence of an optimum value. This is because catalyst
loading exhibits conflicting effects on the photocatalytic process.
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Fig. 2. Effect of catalyst concentration on the indole photodegradation.

t lower loading levels, photonic adsorption controls the reaction
xtent due to the limited catalyst surface area, while at higher load-
ng levels; light scattering by catalyst particles predominates over
hotonic adsorption [3,28,29].

To take into account these two opposite effects, Wu et al. [30],
ave proposed a three constants model to represent the variation
f initial degradation rate:

r0 = k1CS exp(−k2CS − k3C2
S ) (1)

here CS represents catalyst concentration and k1, k2 and k3 are
proportional constants. They are determined by considering that

he degradation kinetic is proportional to [h+] vacancy concentra-
ion and this last is proportional to energy received by the catalyst.

ore details about the model are given in the publication pre-cited
30].

A non-linear regression method (Excel Solver) was used to find
he best values of the constants. Even if the maximum value of
he degradation rate is overstated, the model fits satisfactorily the
xperimental results (Fig. 3).
In our case, an optimal catalysts concentration of 1 g/L was
elected corresponding to the maximum of the degradation rate.
his concentration will be used for the rest of experimental runs.

ig. 3. Effects of TiO2 concentration on the indole initial photodegradation rate
solution volume: 1200 mL, UV lamp: 24 W, flow rate of solution = 0.5 mL/s, tem-
erature: 25 ◦C, initial indole concentration: 10 mg/L, airflow rate: 2 L/min, natural
H: 6.8).
Fig. 4. Effect of initial indole concentration on photodegradation using TiO2 (solu-
tion volume: 1200 mL, UV lamp: 24 W, temperature: 25 ◦C, airflow rate: 2 L/min,
natural pH: 6.8, flow rate of solution = 0.5 mL/s, catalyst concentration = 1 g/L).

3.2. Effects of initial indole concentration

Some experiments were carried out at different concentrations
varying from 10 to 40 mg/L. The values of the latter are given in
the legend of Fig. 4. All other parameters are kept constant. We
note (Fig. 4) that the increase of initial indole concentration leads
to an increase of residual indole concentration at different pro-
cessing time. Similar results have been reported concerning the
photocatalytic oxidation of others pollutants [31–33]. Kamble et al.
[34] suggest that as the initial concentration increases, the adsorp-
tion on the catalyst surface also increases. Since irradiation time
and the amount of catalyst are constant, the OH• (primary oxidant)
concentration remains practically same. Thus, although bulk liq-
uid concentration increases, the rate of photocatalytic degradation
decreases due to a lower OH•/indole ratio. On the other hand, the
penetration of light decreases when the pollutant concentration
increases, this leads to less active sites creation.

The Langmuir–Hinshelwood (L–H) model is commonly used to
rationalize the mechanisms of reactions occurring on solid surfaces
[35–38]. According to the L–H kinetic model, the initial rate of the
photocatalytic reaction is given as

r0 = kKC0

1 + KC0
(2)

where k and K are the kinetic rate constant and the adsorption
equilibrium constant, respectively. And C0 is the initial indole con-
centration.

By plotting 1/r0 versus 1/C0, we can confirm the validity of the
model if the linearization is correct. Moreover, the values of reac-
tion rate constant k and adsorption equilibrium constant K can be
determined by linear regression. The reported results on Fig. 5 show
that the L–H model can approach correctly the experimental data.
This means that the kinetic reaction step is probably the limited
step.

The obtained values of k and K are: k = 0.281 mg/(L min) and
K = 0.083 L/mg.

These constant values are the same order of magnitude than
those reported in the literature concerning the photocatalysis of
organic pollutants [31,39–41].

It is important to note that the mineralisation of the pollutant is
not complete. This means that a possible by-product is generated.
A more detailed study concerning this aspect will be done later.
3.3. Effect of pH

An important parameter in the heterogeneous photocatalysis is
the reaction pH, since it influences the surface charge properties
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Fig. 5. Linearization of the L–H model.

f the photocatalyst and therefore the adsorption behaviour of the
ollutant and also the size of aggregates it forms [28,42]. In wastew-
ter treatment it is also an important operational parameter. To
tudy the effect of pH on the degradation efficiency, experiments
ere carried out at various pH values, ranging from 2.23 to 10.39.
ll the other parameters are maintained constant.

We note (Fig. 6) that the pH influences strongly the degradation
fficiency of indole. When increasing pH from 2.23 to 7, the pho-
odegradation efficiency increases. Then it decreases beyond this
alue. The pH 7 value seems to be the optimum pH for the pho-
odegradation of indole. It is interesting to note that both in acid
nd basic solution, the photodegradation are less successful.

According to literature reports [9,43], it is well known that TiO2
ossesses an amphoteric surface and its point of zero charge (PZC)

s equal to 6.3. In other words, this means that the TiO2 surface is
ositively charged (Ti–OH2

+) when the pH is lower than this value
nd negatively charged (Ti–O−) when the pH is higher than PZC.

The molecule of indole is positively charged at acidic pH. This
s due to the free doublet of nitrogen atom which is a captor of
roton. This leads to repulsion between catalyst surface and indole
ue to the same charge. As a basic molecule, indole is also negatively

harged on basic solution. Then the same repulsion phenomenon
ccurs. So the optimum pH value which gives a maximum degra-
ation rate is about 6–7.

ig. 6. Effect of pH on photodegradation efficiency of indole (solution volume:
200 mL, airflow rate: 2 L/min, TiO2 = 1 g/L, T = 25 ◦C and UV lamp = 24 W, flow rate
f solution = 0.5 mL/s).
Fig. 7. Effect of pH on adsorption capacity of TiO2 (solution volume: 1200 mL,
airflow rate: 2 L/min, TiO2 = 1 g/L, T = 25 ◦C and UV lamp = 24 W, flow rate of solu-
tion = 0.5 mL/s).

The adsorption is expected to enhance the process since the
photodegradation is a surface-oriented reaction [44]. A study on
the adsorption of indole on TiO2 surface was carried out. The same
behaviour is observed (Fig. 7) which confirm the existence of the
repulsive forces between the TiO2 surface and the adsorbate at low
and high pH.

3.4. Effect of flow rate

Flow rate is an important factor that affects photocatalytic reac-
tion by changing the convective mass transfer and residence time
in the reactor. The influence of the flow rate on the degradation of
indole is summarized in Fig. 8. We note that increasing the flow
rate from 0.5 to 4.03 mL/s, leads to a decrease of the indole degra-
dation from 93% to 58% (Fig. 9). It is well known that the flow rate
has dual effects on the photocatalytic reaction [45]. The increased
flow rate improves the photocatalytic reaction by increasing dif-
fusion between indole and TiO2 catalyst. It can also influences
agglomeration of catalyst particles in the case of non supported
media [46]. The opposite effect which is observed is the reduc-
tion of the residence time which leads to less degradation amount
of indole by affecting the adsorption on the surface of TiO2 and
the photocatalytic reaction. In our experiments, the effect of the
reduction of the residence time seems to be more predominant

than the improvement of the diffusion. This is probably due to the
fact that photodegradation of indole is under pure kinetic regime.
These results confirm the validity of L–H model used previously to
represent the influence of initial indole concentration.

Fig. 8. Effect of flow rate on degradation of indole ([TiO2] = 1 g L−1, T = 25 ◦C, solution
volume: 1200 mL, airflow rate: 2 L/min, and UV lamp = 24 W).
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ig. 9. Effect of flow rate on degradation of indole at irradiation time of 120 min;
[TiO2] = 1 g L−1, T = 25 ◦C, solution volume: 1200 mL, airflow rate: 2 L/min, and UV
amp = 24 W).

The plateau observed at the value of flow rate up to 2 mL/s is
robably due to the fact that the decrease of residence time is com-
ensated by the increase of diffusion. However, this aspect needs
ore investigation.

.5. Effect of agitation speed

A series of experiments were carried out by varying the agi-
ation speed while keeping all other factors constant. The results
re summarized in Fig. 10. We note that the indole photodegrada-
ion increases when increasing agitation speed from 0 to 350 rpm.
he initial reaction rates at varying agitation speeds are computed
rom the initial slopes and the results are represented in Fig. 11.
he results confirm that the indole photodegradation is also depen-
ent on the agitation speed, even if the process is chemical step
ontrolled. Two reasons can be cited to explain this behaviour.

Firstly, it is well known that heterogeneous photocatalysis is
overned by two steps in series. Then the overall mass transfer is

he summation of the mass-transfer resistance and the chemical
eaction resistance:

1
k

= 1
kc

+ 1
kr

(3)

Fig. 10. Effects of agitation speed on the indole initial concentration rate.
Fig. 11. Effects of agitation speed on the initial degradation rate.

where kc is the mass transfer coefficient, kr the reaction rate con-
stant and k is the overall rate constant [47,30].

Using the correlation of the Schmidt number and Reynolds num-
ber we can see that the mass transfer step, and then kc, is influenced
by the agitation speed. So the increase of the agitation speed leads
to high mass transfer and then to high degradation rate of indole.

Secondly, the increase of the agitation speed can promote the
oxygen transfer on the liquid phase. And thereby increase the degra-
dation kinetics.

4. Conclusion

The current work has examined the influence of some experi-
mental parameters on the photodegradation of indole. The results
confirmed that photocatalysis is a convenient means of decontam-
ination of wastewaters. The main results concerning the indole
photodegradation on a slurry recirculating reactor are

• The optimal loading of TiO2 is equal to 1 g/L.
• Due to the nature of the pollutant, an optimal pH value was found

to be equal to 6–7.
• A high flow rate of recirculation has a negative effect on the pilot

performance. The reduction of the residence time seems to be the
predominant factor which can explain this behaviour.

• On the contrary, the agitation speed leads to the improvement of
the degradation due to the reduction of the mass transfer step.

• Finally, the influence of initial concentration was tested and rep-
resented by the means of Langmuir–Hinshelwood model. This
allows us to determine the values of the constants’ model and to
verify its validity.
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