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bstract

The application of electrophoretic analysis for monitoring the adsorption of organic onto TiO2 and for detecting the formation of adsorbed organic
pecies during the photocatalytic reactions has been successfully demonstrated. When highly adsorbed organic compounds such as maleic acid,
xalic acid and 1,2,3-THB interacted with TiO2 surface at pH 3, the zeta potential of TiO2 exhibited a negative shift. On the contrary, no apparent
hange in zeta potential of TiO2 was recorded from the interaction of weakly adsorbed organic compounds such as methanol, sucrose, glucose and
esorcinol. The electrophoretic analysis showed that during photocatalytic reaction, the weakly adsorbed resorcinol formed intermediate species
hat were highly adsorbing onto TiO2, while no change in TiO2 zeta potential during the photocatalytic reaction of methanol. The removal kinetics
f adsorbed organic species during the photocatalytic reaction of resorcinol and 1,2,3-THB can be easily followed by monitoring the change in zeta

otential of TiO2. As the adsorbed organic compounds were progressively removed from the irradiated surface of photocatalyst, the zeta potential
f TiO2 gradually shifted to a more positive value and finally restored to the zeta potential of bare TiO2 when complete removal of adsorbed organic
as achieved.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The application of TiO2 semiconductor as an environmental
hotocatalyst has been intensively studied. It has been envisaged
hat the mechanistic of TiO2 photocatalysis involved the inte-
ration of different interface transfer processes, which included
1) the generation and migration of electron–hole pairs and
heir recombination, (2) reactive oxygen species and (3) adsorp-
ion/desorption of organic pollutants.

To date, extensive studies have been focused on the fate
f electron–hole pairs and the mechanism of reactive oxygen

pecies in a photocatalytic reaction. Only fewer emphases have
oncentrated on the adsorption/desorption of organic pollutants
enerated during the photocatalytic reaction. Several researchers

∗ Corresponding author. Tel.: +61 2 9385 4361; fax: +61 2 9385 5966.
E-mail address: r.amal@unsw.edu.au (R. Amal).
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ave demonstrated that a well-adsorbed organic pollutant is most
robable to be oxidised via the direct electron transfer between
he substrates and positive holes, whereas the hydroxyl radicals

ediated reaction pathway is favourable for organic pollutants
hat do not adsorb well [1,2]. Hence, this indicates a link between
he mechanistic role of photoactive species and the adsorp-
ion property of the organic pollutants and their intermediate
pecies.

Vast ranges of techniques have been developed to study the
nteraction between the adsorbed organic compounds with the
urface of TiO2 [3–5]. Some of these methods (e.g. FTIR, XPS,
PLC and GC) required pre-treatment processes such as solvent

xtraction and/or drying prior to the analysis. Under certain cir-
umstances, these pre-treatment processes could be undesirable

s they may potentially change the surface property of TiO2, as
ell as the interaction between the organic matters and TiO2.
herefore, it becomes the aim of this work to develop a tech-
ique that allows a direct monitoring of adsorption behaviour

mailto:r.amal@unsw.edu.au
dx.doi.org/10.1016/j.jphotochem.2006.10.005
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2.3. Photoactivity studies
Fig. 1. Electric double layer and zeta potential.

f organic compounds generated during the photocatalytic reac-
ion.

In this study, electrophoretic analysis is investigated as a
imple approach to determine the adsorption of organic matters
uring the photocatalytic reaction. In comparison to most of
he conventional methods, this technique does not require any
re-treatment process. It measures the movement of a charged
article relative to its suspended aqueous solution under the
nfluence of applied electric field. As the charged particles are
ispersed in solution, each particle will be surrounded by oppo-
itely charged ions, resulting in the development of a net charge
nd subsequently, an electric double layer around each particle.

Several models have been developed to describe the struc-
ure of the electrical double layer [6]. The current clas-
ic model or commonly known as the Gouy–Chapman–Stern
odel combined the Helmholtz single adsorbed layer with the
ouy–Chapman diffuse layer. The electrical double layer is
ivided into compact and diffuse layers. The compact layer is
alled the Stern layer, in which the ions are strongly bounded and
ext to the Stern layer is the diffuse layer (see Fig. 1). Within the
iffuse layer, there is a conceptual slipping plane at which the
ons and particles form an electric neutral region. When a particle

oves, ions within the slipping plane move with it. Beyond the
lipping plane, the ions do not travel with the particle. The zeta
otential, which is calculated from the electrophoretic mobility,
s defined as the electric potential of the Stern layer including
he conceptual slipping plane.

In the past, the electrophoretic analysis has been widely used
o monitor the stability of the colloids and emulsion including
iO2 suspension. For example, Fernandez-Nieves and Nieves
8] monitored the electrophoretic mobilities of TiO2 under the
nfluence of different flocculants and found that at pH < 5.5, the

a+ and the SO4

2− ions are better flocculant agents than the
a2+ and the Cl− or NO3

−. The study which combines UV
adiation and electrophoresis is rather limited. Boxall and Kel- a
tobiology A: Chemistry 187 (2007) 127–132

all [7] developed a second-order kinetic model to describe the
ime dependant changes in electrophoretic mobilities of aque-
us dispersion of TiO2 particles when irradiated with photons
f energy corresponding to greater than their band gap (3.2 eV),
n the absence of hole and electron scavengers. In the present
ork, a new application of electrophoresis to study the interac-

ion of organic species with TiO2 surface during illumination
s presented. A range of organic compounds having different
dsorption behaviours on TiO2, were used to illustrate its appli-
ation.

. Experimental

.1. Chemicals

Degussa P25 TiO2 (80% anatase, 20% rutile) was used as
he photocatalyst, since it has been renowned as the bench-

ark photocatalyst for comparison [9–10]. Analytical grade
hemicals were used without further purification in all exper-
ments. All solutions were prepared using Millipore Milli-Q
ater.

.2. Adsorption studies

The adsorption of organic compounds, including resorcinol,
,2,3-THB (1,2,3-trihydroxybenzene), oxalic acid, maleic acid,
ethanol, glucose and sucrose, onto TiO2 without illumina-

ion was first carried out. The experiments were performed in a
00 mL glass bottle. The initial concentration of organic matters
as set at 13 mg of Carbon/L. A loading of 1 g/L photocatalyst
as used. The suspension was allowed to mix at a constant stir-

ing rate for 24 h such that the system established adsorption
quilibrium before a sample was collected.

The amount of organic carbon adsorbed onto the surface
iO2 was evaluated using a total organic carbon analyser (TOC,
himadzu T-VCSH). The sample was filtered through 0.45 �m
TFE filters prior to TOC measurement. Fourier Transform
nfrared spectroscopy (FTIR, AVATAR 320) equipped with a
mart diffuse reflectance was used to study the interaction of
rganic matters adsorbed on the surface of photocatalyts. Spec-
ra were taken at mid-infrared range (i.e. 1000–4000 cm−1) with
resolution of 4 cm−1 and 200 scans. The particles were recov-
red by centrifugation. To avoid heat treatment, the particles (i.e.
he powder which has been filtered from the suspension) were
ried under vacuum in a desiccator prior to the FTIR analysis.
eta potential analysis was also carried out to investigate the
urface charge of TiO2 before and after adsorption of organic
ompounds. For all experiments, the suspension was adjusted
o pH 3 ± 0.5. Under this condition, the TiO2 surface is highly
ositive. Hence, this allows the change in zeta potential to be
asily deduced when the organic compounds interact with the
iO2 surface.
A volume of 500 mL photocatalyst suspension (0.1 g/L) with
n initial pH adjusted to 3.0 ± 0.5 using perchloric acid was
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Fig. 2. The relation between zeta potential and adsorption of organic substrates.
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onditions: [TiO2] = 1 g/L, [Organic]0 = 13 mg/L Carbon, pH0 = 3 ± 0.5, (�)
eta potential of TiO2 prior to adsorption (�) zeta potential of TiO2 after adsorp-
ion (�) amount of organic substrates adsorbed per gram TiO2.

irculated through a cylindrical annular-type photoreactor. The
uspension was illuminated for 30 min in order to remove any
esidual organic matters, and subsequently 100 mL of the pre-
ared organic stock solution (i.e. resorcinol, methanol, 1,2,3-
HB) was added into the system to give an initial organic con-
entration of 13 mg/L of carbon. The suspension was mixed for
5 min in the dark to attain good mixing prior to UV illumination.
he photocatalytic activity experiment was carried out for up to
h. A 20 W blacklight blue fluorescent tube with an emission

ange of 300–400 nm was used as the lamp source. Purified air
as also introduced continuously into the system at 100 mL/min.
n online pH meter was used to monitor the pH change. Sam-
les were withdrawn intermittently and filtered through 0.45 �m
TFE filters prior to analyses. The total dissolved organic car-
on was monitored using a total organic carbon analyser (TOC,
himadzu T-VCSH). For zeta potential analysis, samples were
easured directly using a Brookhaven ZetaPALS system. Con-

rol experiment was also conducted in the absence of organic
ompounds in order to assess the effect of illumination on the
eta potential of photocatalyst.

. Results and discussion

.1. The change in zeta potential of photocatalyst versus
he extent of adsorption of organic compounds

Fig. 2 shows the relationship between the change in the zeta
otential of TiO2 and the extent of organic adsorption on TiO2
urface in the dark. Prior to the adsorption studies, the zeta poten-
ial of TiO2 was found to be +48 mV. When organic compounds
uch as 1,2,3-THB, maleic acid and oxalic acid adsorbed onto the
urface of TiO2, the zeta potential of TiO2 exhibited a negative
hift. It is anticipated that the interaction between the adsorbed
rganic compounds with the TiO2 surface neutralised the posi-

ive surface charge of photocatalyst, and thus a drop in the zeta
otential of TiO2.

As can be seen from Fig. 2 also, the magnitude of change
n zeta potential of TiO2 varied with organic compounds. With

l
w
a
s

ig. 3. FTIR spectrum of TiO2 after in contact with various organic compounds.
onditions: [TiO2] = 1 g/L, [Organic]0 = 13 mg/L Carbon, pH0 = 3 ± 0.5.

xalic acid, the drop in zeta potential of TiO2 was observed
o be greater than that with maleic acid. The oxalic acid has
Ka values of 1.92 and 4.2. At pH 3 ± 0.5, oxalic acid exists as
OH)OC–COO− (82%) and C2O4

2− (16%). By contrast, maleic
cid has pKa values of 1.83 and 6.07. Hence, at pH 3 ± 0.5,
aleic acid undergoes partial deprotonation to form mainly

OH)OC–C C–COO− (98%). Since the dissociated species of
xalic acid has higher charge than that of maleic acid, this
xplains the greater drop in zeta potential in the oxalic acid/TiO2
ystem.

For 1,2,3-THB, it has a pKa value of 11.34. As such, 1,2,3-
HB will remain as neutral species at pH 3 ± 0.5. Previously

11], we have demonstrated that the 1,2,3-THB molecules bound
o the surface of TiO2 via an inner-sphere complex mecha-
ism. The hydroxyl group in ortho position of the 1,2,3-THB
olecules provided fixation sites to the photocatalyst, which

hen allowed 1,2,3-THB to complex with the Ti center [12–14].
s neutral species are accumulated at the Stern layer, it is not

urprised that the decrease in the zeta potential of TiO2 to be
ather small.

The presence of adsorption of 1,2,3-THB, oxalic acid or
aleic acid onto the TiO2 surface was further confirmed by

he FTIR spectroscopy. It was detected that the FTIR spectra
btained from the interaction of oxalic acid and maleic acid
ith TiO2 were similar to those reported by Weisz et al. [15] and
rana et al. [16], respectively. The signal due to stretching of

arboxylic acid groups, ν(C–O) (1350–1450 cm−1) and ν(C O)
1650–1800 cm−1) were clearly illustrated in Fig. 3. Similarly,
he signal from the stretching of the aromatic compound, ν(C–O)
1200–1300 cm−1) [17], resulting from the adsorption of 1,2,3-
HB, was also demonstrated in Fig. 3. On the other hand, the
pectrum of resorcinol, sucrose, glucose or methanol after in
ontact with TiO2 was essentially identical to that of the bare
iO2, implying that the organic compounds could have been

oosely bound to the surface of TiO2. Evidence in support of the

ack of contact between resorcinol, sucrose, glucose or methanol
ith the TiO2 surface is also provided in Fig. 2. Negligible

mount of organic matters have found to adsorb onto the TiO2
urface.
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Fig. 4. Effect of illumination on the zeta potential of TiO2 in the absence
of organic compounds. Conditions: [TiO2] = 0.1 g/L, pH0 = 3 ± 0.5, airflow
rate = 100 mL/min.

Fig. 5. The relation between the zeta potential of TiO2 (�) and the mineralisation
of resorcinol (�), as well as the net production of 1,2,3-THB (�) and 1,2,4-THB
(�) during the photocatalytic oxidation of resorcinol at pH 3.0 ± 0.5. Condi-
tions: [TiO2] = 0.1 g/L, [Resorcinol]0 = 13 mg/L Carbon, pH0 = 3 ± 0.5, airflow
rate = 100 mL/min.
30 S.W. Lam et al. / Journal of Photochemistry an

Rincon et al. [12] reported that the poor adsorption of resor-
inol onto TiO2 was due to the absence of hydroxyl group in
he ortho-position of benzene ring. Previous work by Vamath-
van et al. [18] and Tan et al. [19] showed that the adsorption
f sucrose onto the surface of TiO2 was negligible. Tan et al.
19] also observed an insignificant amount of methanol adsorbed
nto the surface of TiO2. By means of a Raman spectroscopy,
ana-Villarreal et al. [20] found that aqueous methanol did not

nteract strongly with the TiO2 surface. Wang et al. [21,22]
eported that when a relatively large amount of water vapour
as introduced into the system consisting of methanol vapour,

he surface methoxy signal (i.e. at 2828 cm−1 and 2935 cm−1)
ecame undetectable. They concluded that the methoxy species
n TiO2 was hydrolysed by water addition. Due to the compet-
tive adsorption between the water and methanol, the contact
etween methanol and the TiO2 surface was hindered. Chris-
ensen et al. [23] developed an in-situ FTIR to study the photo-
hemical behaviour of thermal TiO2 film in aqueous methanol.
hey found that the methanol was chemisorbed onto the TiO2
urface at 10 ◦C; however, a significant of reduction in the
ethanol adsorption was recorded at 50 ◦C. When increasing

he potential from 0 to 1.2 V, they observed a band formation at
015 cm−1 in the IR spectra of NaClO4/methanol electrolyte,
hich was collected from the in-situ FTIR spectroscopy. They

ssigned the signal to the C–O stretching of methanol, possi-
ly could be caused by the desorption of chemisorbed methanol
rom the TiO2 surface (which consisted of mainly amorphous
iO2 with some rutile crystalline). As shown in Fig. 3, the signals
ue to the interaction of methoxy species, molecular methanol
r C–O stretching of methanol were unidentified in our sys-
em. Correspondingly, this confirmed the absence of interaction
etween methanol and TiO2.

The zeta potential of TiO2 upon mixing with resorcinol,
ucrose, glucose and methanol was also evaluated and was found
o be unaffected. These observations can be associated to the
bsence of surface interaction between the organic compounds
nd the photocatalyst. Based on these findings, it is established
hat there exists a correlation between the change in zeta poten-
ial and the adsorption behaviour of organic compounds onto
iO2 surface.

.2. Zeta potential in the application for identifying the
echanistic degradation pathway of different organic
atters

Fig. 4 depicts the effect of illumination on the zeta potential
rofile of TiO2 at pH 3.0 ± 0.5. In the absence of organic com-
ounds, the UV photons had an insignificant impact on the zeta
otential of TiO2, similar to that reported by Nagasaki et al. [5].

In the presence of resorcinol and/or 1,2,3-THB, as the photo-
atalytic reactions proceeded, the zeta potential of TiO2 changed
rogressively with illumination time. Figs. 5 and 6 present the
hange in the zeta potential of TiO2 during the photocatalytic

xidation of resorcinol and 1,2,3-THB, respectively.

As illustrated in Figs. 5 and 6, the zeta potential profile of
iO2 can be divided into three sections. At the beginning of

he photocatalytic reaction, the zeta potential of TiO2 dropped

Fig. 6. The relation between the zeta potential of TiO2 (�) and the minerali-
sation of 1,2,3-THB (�) Conditions: [TiO2] = 0.1 g/L, [1,2,3-THB]0 = 13 mg/L
Carbon, pH0 = 3 ± 0.5, airflow rate = 100 mL/min.



d Photobiology A: Chemistry 187 (2007) 127–132 131

w
i
o
w
s
p
t
t
a
t

a
f
a
[
h
T
a
z
c
T
z
w
w
t
a
T
p
a

p
a
t
p
o
c
k

r
F
a
L
s
t
f
s
o
i

p
a
a
s
z
a
(
t

F
o
p

p
b
i
s
d

4

a
t
i
p
a
t
t
a
1
s
a
c
d
p
o

R

S.W. Lam et al. / Journal of Photochemistry an

ith illumination time, and reached an optimum change before
t was restored to a zeta potential value of ∼+48 mV. Earlier, we
bserved that the zeta potential of TiO2 was shifted negatively
hen the organic matters were adsorbed onto the photocatalyst

urface. Taking this into account, the negative shift in the zeta
otential of TiO2 in Figs. 5 and 6 is regarded as the rapid forma-
ion of adsorbed intermediate products on the TiO2 surface, and
he positive shift as the gradual removal of adsorbed intermedi-
te products from the surface of TiO2. The plateau region can
hen be referred as the complete removal of adsorbed species.

In order to validate the above interpretation, the formation
nd disappearance of adsorbed intermediates products generated
rom the photocatalytic degradation of resorcinol was followed
nd compared to the recorded zeta potential of TiO2. Previously
11], we have found that resorcinol was converted into two
ighly adsorbed intermediate products, 1,2,3-THB and 1,2,4-
HB, upon illumination. From Fig. 5 (inset), it can be seen that
s resorcinol was converted into 1,2,3-THB and 1,2,4-THB, the
eta potential of TiO2 decreased with increasing THBs con-
entration. It then attained an optimum change at the highest
HBs concentration. As THBs were gradually removed, the
eta potential of TiO2 shifted to a more positive value, and it
as finally restored to the initial value of +48 mV when THBs
ere completely removed from the system. Hence, this indicated

hat there is a strong correlation between the net production of
dsorbed intermediate products and the zeta potential profile of
iO2. Moreover, it also supported the notion that the drop in zeta
otential of TiO2 was resultant from the interaction between the
dsorbed organic compounds with the surface of photocatalyst.

From Figs. 5 and 6 also, it was evidenced that the zeta
otential of TiO2 was restored to that of bare TiO2 as soon
s the system reached complete mineralisation This reflected
he absence of accumulation of persistent adsorbed intermediate
roducts on the TiO2 surface. It is suggested that the existence
f surface poisonous effect can be easily deduced by simply
omparing the zeta potential profile of TiO2 with the removal
inetics of organic compounds.

In the presence of methanol, the zeta potential of TiO2
emained unaffected throughout the photocatalytic reaction (see
ig. 7). Chen et al. [24] detected the formation formic acid
nd formaldehyde in the photocatalytic oxidation of methanol.
ana-Villarreal et al. [20] showed that the formic acid interacted
trongly with the TiO2 surface. However, Tran et al. [25] reported
hat the photocatalytic oxidation of formic acid proceeded much
aster than that of methanol oxidation. Correspondingly, the con-
tant zeta potential observed during the photocatalytic oxidation
f methanol may be associated to the rapid disappearance of its
ntermediate products.

In the present study, it was found that not only that the zeta
otential analysis can be used to study the removal kinetic of
dsorbed intermediate products generated during the photocat-
lytic reaction, it also help to provide an insight into the active
pecies involved in a photocatalytic reaction. The fact that the

eta potential of TiO2 remained unchanged during the photocat-
lytic oxidation of methanol, it implies that the hydroxyl radical
•OH) is the key species involved in the photocatalytic reac-
ion. For resorcinol and 1,2,3-THB, since a drastic shift in zeta
ig. 7. The relation between the zeta potential of TiO2 (�) and the mineralisation
f methanol (♦) Conditions: [TiO2] = 0.1 g/L, [Methanol]0 = 13 mg/L Carbon,
H0 = 3 ± 0.5, airflow rate = 100 mL/min.

otential of TiO2 was observed, both holes and •OH could have
een responsible for the photocatalytic reaction. In summary,
t is concluded that the disappearance of organic compounds in
olution via adsorption during the photocatalytic reaction can be
istinguished by means of zeta potential analysis.

. Conclusion

The zeta potential analysis is a useful tool to study the inter-
ction of organic compounds with the TiO2 surface as well as
o detect the formation of adsorbed intermediate products dur-
ng the photocatalytic reactions. It was established that in the
resence of poorly adsorbed organic compounds or intermedi-
te products (e.g. methanol, glucose, sucrose and resorcinol),
he zeta potential of photocatalysts remained unchanged. On
he other hand, a drastic negative shift was seen when highly
dsorbed organic compounds such as oxalic acid, maleic acid,
,2,3-THB were formed or/and adsorbed on the photocatalysts
urface. Although the electrophoresis technique cannot provide
ny information on the quantity and type of adsorbed organic
ompounds formed on the photocatalyst surface, it has been
emonstrated that the zeta potential analysis has the advantage of
roviding a direct monitoring of the removal kinetics of adsorbed
rganic intermediates generated by photocatalytic reactions.
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