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a b s t r a c t

The photocatalytic (PC) degradation kinetics of sulfosalicylic acid (SSA) at different pH using TiO2 micro-
spheres were elucidated by modeling. The resultant model had special consideration of adsorption and
pH. The adsorption isotherms showed that the LC/MS2-identified intermediates were weakly adsorbed on
ccepted 16 July 2008
vailable online 23 July 2008

eywords:
hotocatalysis
inetics

the TiO2 microspheres, thus their adsorption was neglected in the modeling. By contrast, the SSA was sig-
nificantly adsorbed, thus its adsorption retained as an item in the model. Consequently, a non-first-order
model was obtained. Through the modeling, it was elucidated that the reaction rate increased non-linearly
with the SSA adsorption equilibrium constant. Meanwhile, it was elucidated that a pH increase favored
the hydroxyl radical production to accelerate the SSA degradation, while impeded the SSA adsorption to
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ulfosalicylic acid
iO2 microspheres

slower it, hence a neutral

. Introduction

Photocatalytic (PC) reaction using TiO2 to degrade biorefractory
rganic contaminants has a promising prospect in water treat-
ent, and has been widely investigated in recent decades [1–6].
uring this process, the highly active hydroxyl radicals (•OH) non-

electively attack the organic substrates to yield desired inorganic
inerals.
For a best performance of the PC reaction, a variety of means

ncluding using modified TiO2 [7–10], preparing novel TiO2-based
hotocatalysts [11,12], and designing alternative reaction configu-
ations [13–15] have been reported.

A photocatalyst different from the TiO2 powders named TiO2
icrospheres has also been fabricated [16] for a best performance

f the PC reaction. It has been established that the PC system with
he microspheres ensures an efficient degradation of sulfosalicylic
cid (SSA) and salicylic acid (SA). Moreover, the microspheres can be
dvantageously dispersed by air bubbling for efficient illumination,

nd can settle down to the reactor bottom quickly through gravity
or a rapid separation from the aqueous phase once the air bub-
ling stops. It is claimed that the sufficiently robust microspheres
ot only take care of the illumination losses encountered in the

∗ Corresponding author. Tel.: +86 2084115573; fax: +86 2084110927.
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used the fastest SSA degradation.
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mmobilized PC system but also overcome the main drawback of
iO2 separation faced by the suspended PC system [16].

Along with the performance evaluation, the kinetics of the sub-
trate degradation are of profound interest for optimizing the PC
ystem. Although the pseudo-first-order reaction model has been
requently employed to describe the degradation kinetics of PC
eaction [17,18], it is not capable of fitting the degradation data
f SSA and SA adequately in the TiO2 microsphere PC system.
nstead, a different reaction kinetic equation well fits the degra-
ation data [16]. Such equation includes the item of adsorption,
hus is more informative than the pseudo-first-order one that is
versimplified without any inclusion of the influencing factors.
bviously, the inclusion of vital factors in the kinetic model is of

mportance, because the factors such as adsorption influence the
C kinetics significantly [11,19–21], and understanding them helps
ne to evaluate the process efficiency and optimize the operating
arameters.

More recently, a study continues to disclose the relationship
etween the adsorption and the degradation kinetics of SA at dif-
erent pH [22], since the pH is another vital factor influencing the
C reaction significantly [2]. However, the kinetics, particularly the

ffects of adsorption and pH, have not been elucidated by modeling.

Accordingly, herein we extend the previous study by conducting
he SSA degradation using the TiO2 microspheres at different pH
alues, then focusing on elucidating the reaction kinetics through
odeling on the basis of the generally accepted PC mechanism. The

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ceshliu@mail.sysu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.07.064


1102 C. Wang et al. / Journal of Hazardous Materials 163 (2009) 1101–1106

e fitti

r
a

2

2

a
o
T
o
e
m
w
a
c
t
b
l
p
u
f
L
a
t
2
t
a
w
c
a

2

d
w
c
T
m
K
c
d
m
U
t
b

3

3

m
i
a
p
m
a
p

l

w
a
e
p
d

3

e
e
t
•

m
t
s
l
e

O

w
a
a

T

T

Fig. 1. SSA degradation at different pH (A) and th

esultant model includes various factors, yet of them the adsorption
nd the pH are addressed.

. Experimental methodology

.1. Chemicals and instruments

The acetonitrile used for the present study was of HPLC grade
nd all the other chemicals were of analytical grade. More-
ver doubly distilled water was used throughout the experiment.
iO2 microspheres were prepared in accordance with a previ-
usly described method [16]. A Coulter (DELSA 440SX) Doppler
lectrophoretic light scattering analyzer was employed for the
easurement of zeta potential. HPLC (Waters 486) equipped
ith a reverse phase column (Waters, XTerraTM MS C-18, 5 �m)

nd a UV detector was employed for the quantification of SSA
oncentrations. The composition of the mobile phase was ace-
onitrile and water, 40:60% for SSA, p-phenolsulfonic acid and
enzenesulfonic acid, and 20:80% for phenol. The detection wave-

ength was 296 nm for SSA, 269 nm for phenol, 264 nm for
-phenolsulfonic acid, and 229 nm for benzenesulfonic acid. A liq-
id chromatography–Mass/Mass (LC/MS2) system was employed
or the identification of the intermediates of SSA degradation. The
C part consists of a gradient pump (Spectra System P4000), an
utosampler (Spectra System Tem AS3000) with a 20 �L injec-
ion loop, a Thermo Ques Hypersil ODS column (C18, 5 �m,
50 mm × 4.6 mm ID) and a photodiode array UV detector (Spec-
ra SYSTEM UV6000LP). The intermediates were determined by
n ion trap mass spectrometer (Finnigan Duo LCQ MS/MS system)
ith either electrospray ionization probe or atmospheric pressure

hemical ionization probe. Nitrogen gas was generated by a gener-
tor (NITROX) and used as both sheath and auxiliary gases.

.2. Experimental procedure

Adsorption experiments of SSA and its degradation interme-
iates were performed in the dark by shaking 10.0 mL adsorbate
ith a known concentration and 0.20 g TiO2 microspheres in a

ontainer at 130 r min−1 for 24 h at 25 ◦C. The zeta potential of
iO2 microspheres was measured. Prior to measurement, the TiO2
icrospheres were suspended by an ultrasonic for 60 min in 0.01 M

NO3 solution. The PC degradation of SSA was conducted in a
ylindrical quartz reactor with an effective volume of 165 mL as

escribed previously [16]. Briefly, in the reactor, 3.5 g L−1 TiO2
icrospheres were fully fluidized through air bubbling. A 6 W near
V lamp with a main emission at 365 nm illuminated the reac-

or. The illumination intensity was 2.0 mW cm−2 measured by a
lack-ray ultraviolet meter (Model No. J221, USA).

h

w
k

ng results of the SSA degradation data by Eq. (1).

. Results and discussion

.1. PC degradation of SSA

Fig. 1 illustrates the PC degradation results of SSA using the TiO2
icrospheres at different pH values. Clearly, the PC degradation rate

ncreased from pH 3.0 to 7.2, then decreased from pH 7.2 to 11.5,
nd the fastest degradation occurred at pH 7.2 while the slowest at
H 11.5. In the previous study [16], the pseudo-first-order reaction
odel was inadequate to fit the SSA degradation at pH 7.2, whereas,
different model was adequate to describe the SSA degradation at
H 7.2:

n
(

C0

C

)
+ Ka(C0 − C) = Kappt (1)

here Ka and Kapp are adsorption equilibrium constant of SSA and
pparent rate constant, respectively. In this work, the similar inad-
quacy was also encountered to fit the data in Fig. 1A by using the
seudo-first-order reaction model, whereas Eq. (1) fitted the SSA
egradation data quite well (Fig. 1B).

.2. Model development

As generally accepted, the PC reaction begins with a gen-
ration of electrons and holes (e–h pairs) upon irradiation by
nergy higher than the TiO2 band gap [1]. The holes move to
he TiO2 surface and react with the water molecule to produce
OH radicals [23]. Also, the substrate adsorption on the TiO2
icrospheres should be considered since the microspheres are fea-

ured with a relatively large pore volume of 0.388 cm3 g−1 and
urface area of 1208 m2 g−1 [16]. The adsorption/desorption equi-
ibrium of the organic substrate on the TiO2 microspheres can be
xpressed as:

r + TiO2
k+1⇔
k−1

[Or − TiO2]adsorb (2)

here Or is the organic substrate and [Or − TiO2]adsorb is its
dsorbed species, and the generation of e–h pairs can be expressed
s:

iO2 + h�
k+2⇔
k−2

e + h (3)

hen, the production of •OH radicals can be written as follows:
+ H2Ok+3⇔
k−3

•OH + H+ (4)

here k+1, k+2 and k+3 are rate constants of forward reactions, and
−1, k−2 and k−3 of backward reactions. The •OH radicals attack the
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dsorbed substrate to form intermediates Pi that are also adsorbed
n the microspheres:

OH + (Or − TiO2)adsorb
k4→Pi (5)

i + TiO2
k+i⇔
k−i

(Pi − TiO2)adsorb (6)

here i is integer larger than 4, Pi is intermediate and
Pi − TiO2)absorb is its adsorbed species. The •OH radicals are active
nd transient [24], and there is no stable species of the adsorbed
OH. As a result, the organic degradation occurs between its
dsorbed species and the •OH radicals [25], and the kinetic equation
escribing the organic degradation can be written as:

dC

dt
= k4�[•OH]�A (7)

here C is the organic concentration, � is the lifetime of •OH, [•OH]
s the concentration of •OH, �A is the coverage of organic substrate
dsorbed on the TiO2 surface, and k4 is the rate constant.

The PC reaction experiment starts after the adsorp-
ion/desorption equilibrium is established, moreover, such
quilibrium is considered to keep under the irradiation [26].
ence, Eqs. (8) and (9) can be obtained from Eqs. (2) and (6),

espectively:

+1C

(
1 − �A −

n∑
i=5

�i

)
− k−1�A = 0 (8)

+iCi

(
1 − �A −

n∑
i=5

�i

)
− k−i�i = 0 (9)

here Ci is the concentration of Pi. Let Ka = k+1/k−1, and Ki = k+1/k−1,
hen a combination of Eqs. (8) and (9) yields the following equation:

A = KaC

1 +
∑n

i=5KiCi + KaC
(10)

here Ka and Ki are the adsorption equilibrium constants of parent
ubstrate and intermediate, respectively. Then, from Eq. (4), Eq. (11)
an be obtained:

+3[h] = k−3[•OH][H+] (11)

hen, [•OH] can be expressed below:

•OH] = k+3[h]
k−3[H+]

(12)

combination of Eqs. (7), (10) and (12) yields Eq. (13) as below:

dC

dt
= k+3k4�[h]

k−3[H+]
KaC

1 +∑n
i=5KiCi + KaC

(13)
rom Eq. (13), besides pH and adsorption (Ka and Ki), other factors
uch as the reaction constants, hole concentration, radical lifetime
re included. Apparently, large values of k+3, k4, [h], � and Ka benefit
he PC reaction, while large values of k−3, Ki and [H+] impede the
C reaction.

o
s

−

able 1
he MS/MS data of the main fragments corresponding to the peaks a, b, c, d in Fig. 2

eak no. Retention time (min) m/z (% abundance)

MS MS/MS

3.77 218 (100) 166.2 (100), 174(89), 158 (45), 123 (1
2.92 174 (100) 174.3 (100), 95.6 (92), 132.0(80), 78.
2.52 158 (100) 158 (100), 102(68), 93.2(58), 58.2 (3
2.08 94 (100) 93.2 (100)
Fig. 2. LC diagram of the reacted solution during SSA degradation.

.3. Neglection of intermediate adsorption in the modeling

Adsorption of the intermediates is included in Eq. (13). Since
nstable intermediates occupy the active sites on the TiO2 surface
nly transiently, the influence of the stable intermediates has only
een considered. Identification of the intermediates during the PC
egradation of SSA was performed by LC/MS2 method. LC/MS is
ffective to identify the organic degradation intermediates [16].
he LC diagram of reacted solution at different time intervals is
hown in Fig. 2, which indicated that some stable intermediates
ere involved in the PC reaction. Also, the MS results are listed

n Table 1. Because the peaks at 2.28 and 2.52 min retention time
ad the same UV absorption, they were considered identical and
o further differentiation was made. Consequently, by addition of
he known compounds, three main stable intermediates were qual-
fied as p-phenolsulfonic acid (peak a), benzenesulfonic acid (peak
) and phenol (peak c).

The adsorption experiments of the three intermediates on the
iO2 microspheres were performed, and the results are shown in
ig. 3A. The data could be well fitted by the Langmuir adsorption
odel below:

Ce

W
= 1

Wsat
Ce + 1

WsatKa
(14)

here Ce is the equilibrium concentration of adsorbate, W and Wsat

re the adsorption amount and saturated amount, respectively.
he fitting results showed that the intermediates were weakly
dsorbed because the Ki was as small as less than 1.0 × 103 L mol−1.
lso, the Ci was detected to be smaller than 5.0 × 10−5 M, and

n the pH range of 3.0–11.0, the Ki was calculated to vary in the
ange of 8.0 × 102–2.0 × 103 L mol−1 from Fig. 3A. Thus, the value
f
∑n

i=5KiCi is neglected compared to 1 in Eq. (13), so it can be

implified as:

dC

dt
= k+3k4�[h]

k−3[H+]
KaC

1 + KaC
(15)

Molecular weight UV-peaks (nm) Compound

5), 109 (14.4) 218 220, 235, 296 SSA
6 (49) 174 200, 229 p-Phenolsulfonic acid
3) 152.2 216, 264 Benzene sulfonic acid

94 210, 269 Phenol
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and exhibits no effect on the PC reaction. In this case, any effort to
accelerating the PC reaction by improving the adsorption appears
to be in vain.

Interesting, the relationship between the reaction rate and the
adsorption determines the format of the kinetic model. When the
Fig. 3. Adsorption isotherms of the intermediates of SSA degradation a

.4. Inclusion of SSA adsorption in the modeling

The adsorption of SSA retained as an item in Eq. (15). The adsorp-
ion experiments of SSA at different pH 3.0, 5.2, 7.2, 9.3, 11.5 were
onducted using the TiO2 microspheres. The results are illustrated
n Fig. 3B, in which the data could be well fitted by the Lang-

uir adsorption model, and the fitted Ka values were 10.69 × 104,
0.15 × 104, 8.51 × 104, 5.92 × 104 and 0.85 × 104 L mol−1. Also, the
nitial concentration was 1.0 × 10−4 mol L−1, so the value of KaC in
q. (15) could not be neglected compared to 1. Thus, the model can
e obtained by integrating Eq. (15):

n
(

C0

C

)
+ Ka(C0 − C) = k+3k4�[h]

k−3[H+]
Kat (16)

he [H+] variation during the PC reaction of SSA was neglected
ecause <0.5 pH unit was detected before and after the PC reaction.
hus,

app = k+3k4�[h]
k−3[H+]

Ka = krKa (17)

hen Eq. (18) identical to Eq. (1) is obtained:

n
(

C0

C

)
+ Ka(C0 − C) = kappt (18)

s a result, a non-first-order reaction model to well fit the degra-
ation of SSA at different pH (Fig. 1B) is obtained.

.5. Effect of adsorption on the PC reaction

In Eq. (18), the Ka represented the adsorption. The relationship
etween the −(dC/dt) and the Ka appears to be complicated and
hree cases exist. In case I, the value of KaC is small, e.g., ≤0.1, so
s neglected compared to 1. In this case, the −(dC/dt) increases lin-
arly with the Ka. Consequently, an integration of Eq. (15) yields
he conventionally pseudo-first-order reaction model, applicable
o describe the degradation kinetics of substrate with weak adsorp-
ion as below:

n
(

C0

C

)
= kappt (19)

n case II, the value of KaC, e.g., from 0.1 to 10, cannot be neglected
ompared to 1. In this case, the −(dC/dt) increases with the Ka non-
inearly as simulated in Fig. 4. Thus, an integration of Eq. (15) yields

q. (18), applicable to describe the degradation kinetics of substrate
ith a medium adsorption. The SSA degradation in Fig. 1 matched

his case.
In case III, the value of KaC, e.g., >10, is much larger than 1 and

he item of 1 can be neglected. In this case, the −(dC/dt) is inde-
F
1

.2 (A) and of the SSA at different pH values (B) on TiO2 microspheres.

endent on the Ka value, and the adsorption does not influence the
C degradation rate remarkably. Thus, an integration of Eq. (13)
ields a zeroth-order reaction model, applicable to describe the
egradation kinetics of substrate with strong adsorption as below:

n
(

C0

C

)
= kapp (20)

s for the PC system with SSA and TiO2 microspheres, it has a
articularity: the SSA shows a medium adsorption on the TiO2
icrospheres and the item designating the adsorption cannot be

eglected in the kinetic model. Thus, a non-first-order kinetic
odel fits the SSA degradation quite well. It should be noted

hat the PC degradation of other substrates with weak and strong
dsorption on the TiO2 microspheres is rationally expected to obey
he first-order and zeroth-order reaction model, respectively.

Under the condition of weak adsorption, even if the item desig-
ating the adsorption is neglected, the adsorption still influences
he PC degradation linearly. Also, under the medium adsorption, the
dsorption influences the PC degradation non-linearly. Only under
he condition of strong adsorption, the PC degradation indepen-
ent of the adsorption. Thus, it appears that when the adsorption

s strong, the adsorption becomes a non-rate-determining step [27]
ig. 4. Simulated relationship between −(dC/dt) and KaC with KaC value from 0.1 to
0, and ((k+3k4�[h])/(k−3[H+])) 2.24 × 10−6 mol L−1 min−1.
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Fig. 5. Zeta potentials of the TiO2 microspheres at different pH values.

eaction rate varies linearly with the adsorption, the kinetic model
s correspondingly a first-order one (case I). When the reaction rate
aries non-linearly with the adsorption, the kinetic model is a non-
rst-order one (case II). When the reaction rate does not vary with
he adsorption, the kinetic model is a zeroth-order one (case III).

.6. Effect of pH on the PC reaction

Also in Eq. (18), the kr ((k+3k4�[h])/(k−3[H+])) rich in informa-
ion represents the property of the reaction system. Obviously, the
(dC/dt) increases linearly with the kr that is determined by vari-
us factors of k+3/k−3, k4, �, [h] and pH ([H+]). Herein only the pH is
ddressed.

A high pH enhances the SSA degradation rate as can be seen from
q. (15), and Eq. (12) shows that when a high pH helps to produce
ore •OH radicals since the OH− is considered as the source of •OH.

28]. Therefore, a higher pH value benefits the SSA degradation via
avoring the •OH production.

On the other hand, the pH influences the SSA degradation by
nfluencing the adsorption [29]. When the pH value is smaller than
he zero point of charge (ZPC) that has been measured to be 6.3
Fig. 5), the surface charge of TiO2 microspheres is positive. Yet,
hen the pH value overpasses the ZPC, the surface charge is nega-

ive. Meanwhile, the charge of organic substrate is negative due to
issociation. Therefore, a lower pH than the ZPC benefits the SSA
egradation via favoring its adsorption.

From the above two aspects, it can be seen that the pH influ-
nces the PC reaction kinetics from two opposite treads to form a
ombined effect. Further, this combined effect can be understood
ore readily by means of Eq. (21) rewritten from Eq. (15):

dC

dt
= k+3k4�[h]

k−3[H+]
C

(1/Ka) + C
(21)

q. (21) shows that a higher pH increases the PC reaction rate,
hereas at the same time causes a smaller Ka value as earlier noted,

o decreases the PC reaction rate. This combined effect leads to
n increase in the PC reaction rate from pH 3.0 to 7.2, while a
ecrease from pH 7.2 to 11.5. Consequently, the fastest SSA degra-
ation occurs at the neutral pH 7.2 (Fig. 1).

. Conclusion
The established kinetic model enriches in the affecting factors
uch as adsorption of intermediates, adsorption of parent substrate
nd pH. Through the modeling, the effects of SSA adsorption and
H on the PC reaction kinetics can be well elucidated. The medium

[

aterials 163 (2009) 1101–1106 1105

dsorption of SSA on the TiO2 microspheres determines the format
f the non-first-order model to well fit its PC degradation reaction,
nd influences the reaction rate non-linearly. Neutral pH causes
he fastest degradation of SSA due to a combined effect of pH on
he kinetics. This study provides an insight into and highlights the
ffects of adsorption and pH on the PC reaction.
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