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bstract

In this work, the photocatalytic degradation (PCD) of p-toluenesulfonic acid (p-TSA) in batch reactor using concentrated solar radiation was
nvestigated. The effect of the various operating parameters such as initial concentration of substrate, catalyst loading, solution pH and types of
ons on photocatalytic degradation has been studied in a batch reactor to derive the optimum conditions. The rate of photocatalytic degradation was

ound to be maximum at the self pH (pH 3.34) of p-TSA. It was also observed that in the presence of anions and cations, the rate of PCD decreases
rastically. The kinetics of photocatalytic degradation of p-TSA was studied. The PCD of p-TSA was also carried at these optimized conditions in
bench scale slurry bubble column reactor using concentrated solar radiation.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Environmental pollution by chemical substances has become
serious problem throughout the world. Aromatic sulfonated

ompounds are one major class of pollutants. Alkylbenzenesul-
onates are important components of surfactants and frequently
ause water pollution. These compounds have low volatility
nd are relatively more water soluble and hence often found
n aqueous effluents. In this investigation, p-toluenesulphonic
cid (p-TSA) was chosen, as a model compound representa-
ive of alkylbenzenesulfonic acids. p-TSA is very corrosive
nd is extremely harmful to tissues of the mucous mem-
ranes and upper respiratory tract. For anhydrous p-TSA: oral-
ouse; LD50: 400 mg kg−1. The degradation of p-TSA by bio-

ogical methods is difficult; this may be due to the sulfonic
cid functional group, which generally impairs biodegradabil-

ty of organics and at the same time might enhance polar-
ty. Therefore, p-TSA is considered as a refractory compound
1].
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The photocatalytic degradation of many types of anionic,
ationic and non-ionic surfactants using artificial UV light and
olar radiation has been reported by Hidaka and co-workers
2–4]. Recently few studies have been reported on degradation of
romatic sulfonated compounds using advanced oxidation pro-
esses [5–9]. A few research articles have also been published
articularly on destruction of p-TSA in aqueous solutions mainly
y using (i) immobilized TiO2 and (ii) active hydrogen peroxide
1,10].

Heterogeneous photocatalysis offers an attractive alternative
or wastewater treatment especially refractory aromatic com-
ounds. Despite the great potential of photocatalytic process,
t has not widely used industrially. The problems which have
estricted widespread commercialization of this attractive tech-
ology to date are the material handling problems presented by
he fine particulate nature of TiO2 and the fact that the polar
urface of TiO2 is not favorable for adsorption of organics in
ompetition with water. As a result, no commercial applica-
ion of TiO2 photocatalysis to aqueous waste streams has yet
merged. Therefore, more research work is needed (i) on devel-

pment of novel catalyst, particularly for catalyst, which are
xcited by visible radiation (although some reports are available
n the same), (ii) design of efficient photocatalytic reactor for
astewater treatment.
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Nomenclature

C concentration of substrate at time t (mg l−1)
C0 initial concentration of the substrate (mg l−1)
Ct=0 concentration of substrate at time t = 0, before the

p-toluenesulfonic acid solution was exposed to
sunlight (mg l−1)

kap apparent reaction rate constants (min−1)
kL–H reaction rate constant (mg l−1 min−1)
Kads adsorption coefficient of p-TSA on the TiO2 par-

ticles (mg−1 l)
R reaction rate (mg l−1 min−1)
TOC total organic carbon after time t (mg l−1)
(TOC) total organic carbon at time t, before the p-TSA
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solution was exposed to sunlight (mg l−1)

Kamble et al. [7] have discussed the main problems asso-
iated with the large scale use of PCD and have suggested
hat a novel slurry bubble column reactor using concentrated
olar radiation can be effectively used for industrial applica-
ions. Hence the same type of reactor was used in the present
nvestigation.

The aim of the present work was to study the photocatalytic
egradation (PCD) of p-TSA in batch and continuous slurry
ubble column reactor using concentrated solar radiation. The
ffects of the presence of anions, which are commonly present in
ndustrial wastewaters, are reported. The effect of pH on the pho-
ocatalytic degradation of p-TSA was also studied. The kinetics
f photocatalytic degradation of p-TSA was also studied. No
iterature studies are available on these parameters on photocat-
lytic degradation of p-TSA in the published literature.

. Experimental

.1. Materials

P-25 TiO2 was procured from Degussa Co., Germany, was
sed as photocatalyst. p-TSA, p-cresol, sodium chloride, sodium
arbonate, sodium bicarbonate, sodium sulfate, ammonium sul-
ate, ferrous sulfate and copper sulfate of analytical reagent grade
ere obtained from s.d. fine chemicals Ltd., Mumbai, India.
ther accessories required for experimentation were the same

s reported previously by Kamble et al. [7].

.2. Batch experiments

The equipment and procedure used has been described else-
here [7,11].
.3. Continuous experiments

Continuous experiments were carried out in borosilicate glass
lurry bubble column reactor of 0.15 m i.d. × 3.0 m long and
apacity of 0.054 m3 [11].
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.4. Analysis

In all photocatalytic experiments, samples were centrifuged
nd filtered through a membrane filter to separate out TiO2 par-
icles. Concentrations of p-TSA and its intermediates were mea-
ured by an HPLC (Knauer) instrument equipped with a C-18
olumn (5 �m, particle diameter, Merck) and UV–vis detector.
cetonitrile/water: (50:50%, v/v) was used as the mobile phase;

he pH of the mobile phase was adjusted to 3 with the help
f HClO4 for separation of p-TSA and its intermediates. The
ow rate of mobile phase for analysis was kept at 0.5 ml min−1

sing λ = 240 nm for UV detector. Total organic carbon (TOC)
as calculated from HPLC analysis and verified using a Total
rganic Carbon Analyzer (ANATOC-II, Australia). These val-
es matched within ±3% indicating that the HPLC analysis
ould detect all of the intermediates. Pure nitrogen was bub-
led through the samples before TOC analysis to remove the
issolved CO2. In case of carbonate and hydrogen carbonate
he samples was acidified prior to purging. The intermediates
ere further confirmed by spiking the experimental samples
ith authentic compounds. Increase in concentration on spik-

ng confirmed the presence of the particular compound as an
ntermediate.

. Results and discussion

The experiments were carried out in the month of
anuary–April 2004 in Mumbai, India 18.58◦N, and 72.50◦E.
uring this period the sky was brilliant blue (no clouds) and the

verage solar intensity was approximately (±10%) constant at
20 W m−2 as measured at the ground level. This intensity is
eferred to as the plain solar intensity.

.1. Mechanism of photocatalytic degradation of p-TSA

There is evidence supporting the proposition that the
ydroxyl radical (OH•) is the main oxidizing species responsible
or photocatalytic oxidation of the majority organic compounds
12,13]. In aqueous TiO2 suspensions, aromatic compounds are
xidized through two different mechanisms; either by hydroxy-
ation of the aromatic ring or by direct electron transfer to TiO2
ollowed by the addition of a water molecule and loss of a proton.
n the case of aromatic compounds the position at which OH•
ttacks depends on the directing effect of the original functional
roup in the benzene ring. Several studies on the mechanism
hotocatalytic degradation of aromatic substrate are available
13].

In the case of p-TSA, the SO3H group is replaced by an
H• radical. During the photocatalytic degradation of p-TSA,
-cresol was found as intermediate. Identification of p-TSA
nd its intermediates was carried out by comparison of their
etention times with those of authentic standards. The HPLC
easurements were conducted by monitoring the UV absorption
t wavelength 240 nm. By comparing HPLC and spectral data,
he aromatic intermediate was identified as p-cresol, however the
oncentration of these intermediates was very low (1–5 mg l−1).
-Cresol was detected within the first hour of exposure to sun-
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As mentioned earlier the reaction occurs between adsorbed p-
TSA and OH• generated on the TiO2 surface. The concentration
of adsorbed p-TSA increases with increasing feed p-TSA con-
ig. 1. Influence of catalyst loading on photocatalytic degradation of p-TSA
TOC/(TOC)t=0 vs. time].

ight, which demonstrates that, it has close relationship with
he parent compound. This intermediate was also observed dur-
ng the photochemical degradation of p-TSA by Brezova et al.
10]. It is known that the aromatic ring yields at the most tri-
ydroxy derivatives. Generally after the attachment of two OH•
roups the aromatic ring breaks. The subsequent products are
apidly oxidized to CO2 and H2O as evidenced by the absence
f aliphatic moieties [13].

.2. Batch photocatalytic degradation with concentrated
olar radiation

.2.1. Influence of catalyst concentration on photocatalytic
egradation of p-TSA

In slurry photocatalytic processes, the TiO2 dosage is an
mportant control parameter that can affect the degradation rate
14]. As the catalyst loading is increased, there is an increase
n the surface area of the catalyst available for adsorption and
egradation. But when the catalyst concentration is very high,
urbidity impedes further penetration of light into the reactor.
herefore, optimum catalyst loading has to be found to avoid
xcess catalyst and ensure effective utilization of the incident
hotons.

With an initial concentration of 100 mg l−1 of p-TSA, the
ptimum loading of the catalyst was found by varying the cat-
lyst loading. As can be seen from Fig. 1 the optimum catalyst
oading is 0.3% (w/v of the solution). In all subsequent experi-

ents, 0.30% (w/v of the solution) TiO2 loading was used.

.2.2. Effect of initial concentration of p-TSA
Photocatalytic degradation studies were carried out using 50,
00 and 200 mg l−1 initial concentration of p-TSA and 0.30%
w/v of solution) catalyst loading.

Fig. 2 shows a plot of normalized concentration of p-TSA
C/Ct=0) with time. With increasing initial p-TSA concentration,

F
[
c

ig. 2. Effect of initial concentration on the photocatalytic degradation of p-
SA [ln(C0/C) vs. time]. Catalyst loading = 0.30% (w/v of solution). Initial
oncentration (�) 50 mg l−1, (�) 100 mg l−1 and (�) 200 mg l−1.

he p-TSA concentration was reduced by 99.9%, 99% and
3.3%, respectively, within 4 h; while the TOC was by reduced
4.7%, 65.4% and 46.4%, respectively, in the same period
Fig. 3).

Fig. 2 shows that an increase in the feed concentration of p-
SA causes decrease in the rate of photocatalytic degradation.
ig. 3. Effect of initial concentration on the photocatalytic degradation of p-TSA
TOC/(TOCt=0) vs. time]. Catalyst loading = 0.30% (w/v of solution). Initial
oncentration (�) 50 mg l−1, (�) 100 mg l−1 and (©) 200 mg l−1.
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Industrial effluents contain apart from pollutants different

salts at different levels of concentration. The anionic and cationic
parts of the salt have different effects on the photocatalytic degra-
dation process [13]. The effects of presence of various anions
52 S.P. Kamble et al. / Journal of Haz

entration, but at higher concentrations of p-TSA, the concen-
ration of intermediates formed is higher. These intermediates
dsorb on the surface of catalyst and compete with the parent
ompound. However, for constant light intensity, TiO2 loading
nd dissolved oxygen concentration, the concentration of OH•
emains practically constant.

.2.3. Kinetics of photocatalytic degradation of p-TSA
The photocatalytic degradation kinetics of many organic

ompounds have been often described by Langmuir–
inshelwood equation, which also covers the adsorption prop-

rties of the substrate on the photocatalyst surface. This model
as developed by Turchi and Ollis [12] as given below:

= −d[p-TSA]

dt
= kL–HKads[p-TSA]

1 + Kads[p-TSA]
(1)

here R is the reaction rate (mg l−1 min−1), kL–H the reaction
ate constant (mg l−1 min−1), Kads the adsorption coefficient
f p-TSA on the TiO2 particles (mg−1 l) and [p-TSA] is the
oncentration of p-toluenesulfonic acid (mg l−1). Reaction inter-
ediates (for example p-cresol) can also bind competitively to

he catalyst active sites, and their concentrations also change
ith time, inasmuch as they are eventually and completely min-

ralized. Al-Ekabi and Serpone [15] have suggested that the rate
ust include competitive adsorption by intermediates. Under

hese reasonable conditions Eq. (1) can be written as follows:

= −d[p-TSA]

dt
= kL–HKads[p-TSA]

1 + Kads[p-TSA] + ∑
KiCi

(2)

n this equation, Ki and Ci are the adsorption equilibrium con-
tant and concentration for intermediates, respectively. Beltran-
eredia et al. [16] made the following assumption:

ads[p-TSA] +
∑

KiCi = Kads[p-TSA]0 (3)

n this equation, [p-TSA]0 is the initial concentration of p-TSA.
ubstituting Eq. (3) in to Eq. (2) yields:

= −d[p-TSA]

dt
= kL–HKads[p-TSA]

1 + Kads[p-TSA]0
= kap[p-TSA] (4)

here

ap = kL–HKads

1 + Kads[p-TSA]0
(5)

q. (4) shows a pseudo-first order reaction with respect to the
-TSA concentration. The semi-logarithmic graphs of the con-
entration of p-TSA in the presence of different concentrations
f p-TSA versus irradiation time yield straight lines indicating
seudo-first order reaction. The apparent reaction rate constants
kap) for photocatalytic degradation of p-TSA were evaluated

rom experimental data (Fig. 2) using a linear regression. At ini-
ial concentration of 50, 100 and 200 mg l−1 of p-TSA, the value
f kap are 0.003, 0.0182 and 0.0278 min−1, respectively. In all
ases, R2 (correlation coefficient) values are higher than 0.96,
hich confirm the proposed kinetics for photocatalytic degra-
ation of p-TSA in TiO2 solution.

F
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s Materials 140 (2007) 149–154

.2.4. Effect of pH
The effect of initial pH on the photocatalytic degradation of

-TSA was studied. In the alkaline range, the pH was varied
sing aqueous NaOH, whereas in the acidic range, it was var-
ed by using HClO4. Initial p-TSA concentration of 100 mg l−1

nd catalyst loading of 0.30% (w/v of solution) was used
n all these experiments. It is known that, in photocatalytic
eactions pH has an effect on the electrostatic charge of the
iO2 surface, which determines the density of TiOH2

+ groups.
onsequently, the adsorption of organic substrate with func-

ional groups like the SO3H, which are dissociated in aqueous
edia on TiO2 and the photocatalytic reactivity of TiO2, could

e affected when pH changes. Also, industrial effluents may
e basic or acidic and therefore this pH effect needs to be
nvestigated.

Fig. 4 shows a plot of normalized concentration of p-
oluenesulfonic acid (C/Ct=0) with time. It is observed that as
he pH increases from acidic to alkaline the rate of PCD is

maximum at the non-adjusted or “self pH” (3.34). Fig. 5
hows a plot of normalized total organic carbon concentra-
ion [TOC/(TOC)t=0] with time at different pH. It is observed
hat as the pH decreases from alkaline to acidic the rate
f photocatalytic mineralization of p-TSA also increases and
s maximum at pH 3.34. Similar results were obtained in
he photocatalytic degradation of benzenesulfonic acid [7],
,4-D [11].

.2.5. Effect of the presence of anions
ig. 4. Effect of pH on the photocatalytic degradation of p-TSA on TiO2

[C/Ct=0] vs. time]. Initial concentration = 100 mg l−1, catalyst loading = 0.30%
w/v of solution). (�) pH 3.34, (�) pH 7.0 and (�) pH 11.0.
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Fig. 6. Effect of the presence of the various anions on photocatalytic degradation
of p-TSA on TiO2 [TOC/(TOC)t=0 vs. time]. Initial concentration = 100 mg l−1,
catalyst loading = 0.30% (w/v of solution). (�) PCD of p-TSA in the absence of
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ig. 5. Effect of pH on the photocatalytic degradation of p-TSA on TiO2

TOC/(TOC)t=0 vs. time]. Initial concentration = 100 mg l−1, catalyst load-
ng = 0.30% (w/v of solution). (�) pH 3.34, (♦) pH 7.0 and (�) pH 11.0.

uch as chloride, sulfate, bicarbonate and carbonate were studied
sing 0.1 M solution of their sodium salts and initial concentra-
ion of 100 mg l−1 of p-TSA with 0.30% (w/v of solution) TiO2
oading.

In general an effluent is brought to neutral pH before it is
ntroduced in the effluent treatment plant (ETP). In the case of
-TSA the original solution being acidic, an alkali is added to
aise the pH to the neutral pH. Fig. 6 shows the effect of the
alts on the photocatalytic degradation p-TSA. Fig. 6 clearly
ndicates that the salts have a substantial detrimental effect on
he photocatalytic degradation. In the case of sodium sulfate,
odium chloride, sodium bicarbonate and sodium carbonate the
eduction in the TOC was 62%, 49.5%, 33.9% and 20.3%,
espectively, whereas in the absence of anions the reduction in
OC was 99%. The rate of photocatalytic degradation was inhib-

ted in the presence of bicarbonate and carbonate, this may be
ecause of two reasons (i) there has been pH shift (from acidic
o alkaline) which inhibits PCD (Fig. 4 also shows same trend)
nd (ii) bicarbonate and carbonate act as hydroxyl radical scav-
ngers and also absorb UV light, which further inhibits the PCD.
revious studies with benzenesulfonic acid [7] and 2,4-D [11]
ave also concluded that all the above anions have a negative
ffect on photocatalytic degradation.

Thus, it can be concluded that if photocatalytic degradation
s to be adopted for the treatment of acid wastewater contain-
ng p-TSA, it will be desirable to carry out the photocatalytic
egradation prior to neutralization. The output of the photocat-
lytic degradation process can subsequently be introduced into
he ETP.
.2.6. Effect of cations
The presence of the various cations is common in indus-

rial effluents. These cations can have a positive or negative

f
P
r
F

nions, (�) PCD of p-TSA in the presence of 0.1 M NaCl, (♦) PCD of p-TSA
n the presence of 0.1 M Na2SO4, (�) PCD of p-TSA in the presence of 0.1 M
aHCO3 and (×) PCD of p-TSA in the presence of 0.1 M Na2CO3.

ffect on the PCD rate. Some researchers have reported an
mprovement in the PCD rate in the presence of low concen-
rations of FeSO4 [13]. Therefore, the degradation of p-TSA
as studied in the presences of 0.01 M solution of FeSO4 and
uSO4. It was found that the degradation of p-TSA in the
resence of FeSO4 and CuSO4 decreased. Thus, the degra-
ation of p-TSA in the presence of FeSO4 and CuSO4 was
4.9% and 32%, respectively, as against 88.6% in their absence
Fig. 7). It is likely that the positive effect of the cation
s more than nullified by the negative effect of the SO4

2−
nion.

.3. Continuous photocatalytic degradation in a slurry
ubble column reactor with concentrated solar radiation

Continuous PCD experiments were performed in 0.15 m i.d.
lurry bubble column reactor. Bubble columns exhibit signifi-
ant axial mixing in the liquid phase. This mixing is detrimental
o their performance as a reactor. Sectionalization of the bubble
olumn can reduce the backmixing. In our previous publica-
ion we have shown that in the presence of sieve plates with
owncomer in a bubble column, the percentage degradation of
efractory pollutants increases [11]. The same experimental set-
p [11] was used for PCD of p-TSA solution. Fig. 8 shows the
ariation of extent of photocatalytic degradation of p-TSA at dif-

erent flow rate in the slurry bubble column reactor. The rate of
CD and TOC degradation decreases with increase in the flow
ate of p-TSA (decrease in residence time) as is evident from
ig. 8. Thus, only 35% degradation of p-TSA was achieved in
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Fig. 7. Effect of the presence of the various cations on PCD of p-TSA on TiO2

(C/Ct=0 vs. time). Initial concentration = 100 mg l−1, catalyst loading = 0.30%
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w/v of solution), (�) PCD of p-TSA in the absence of cations, (♦) PCD of
-TSA in the presence of 0.01 M FeSO4 and (�) PCD of p-TSA in the presence
f 0.01 M CuSO4.

ontinuous slurry bubble column reactor. However, 96% and
5% degradations of chlorobenzene and nitrobenzene, respec-

ively, were achieved in the 0.10 m i.d. slurry bubble column
eactor [17]. Thus, the rate of PCD of p-TSA was low as com-
ared to chlorobenzene and nitrobenzene. This is because the

ig. 8. Variation of the extent of the photocatalytic degradation p-TSA with
ieve plate at different flow rate in 0.15 m slurry bubble column (Initial concentra-
ion = 100 mg l−1, catalyst loading = 0.3, w/v of the solution). (�) %Degradation
f p-TSA and (©) %TOC reduction.
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dsorption of chlorobenzene and nitrobenzene on TiO2 is very
igh as compared to p-TSA. Further, the surface area per unit
olume for the 0.1 m i.d. reactor is higher than the 0.15 m i.d.
eactor. Additionally, the penetration depth in the former is also
ower than the latter [17].

. Conclusions

Photocatalytic reactors can play an important role in novel
echnologies for the purification of water polluted with refrac-
ory organic chemicals. It was found that in the presence of ions
uch as CuSO4, FeSO4, Na2CO3 and NaHCO3 have a delete-
ious effect on the photocatalytic degradation of p-TSA. Batch
hotocatalytic degradation studies indicate that p-TSA is best
egraded under acidic pH conditions. Therefore, it is desirable
o carry out the photocatalytic degradation of p-TSA before
eutralization. The results obtained in the continuous slurry bub-
le column reactor are encouraging and for higher percentage
egradation future research on development of novel visible pho-
ocatalyst and optimization of the reflector geometry is needed.
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