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a b s t r a c t

An in situ photoelectrochemical method is proposed to determine adsorbed phthalic acid (PA) on the TiO2

surface in a sensitive, reproducible and accurate manner. The pre-adsorbed PA in the dark and the diffused
PA from organic solution can be mineralized simultaneously under UV illumination due to the strong
ccepted 1 September 2009
vailable online 6 September 2009

eywords:
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dsorption

UV-induced oxidation power of TiO2. By controlling the UV illumination, the amount of adsorbed PA on
TiO2 surface was determined in the presence of PA in a small time scale (e.g., seconds), eliminating the
washing step after the adsorption reaction. This provides a convenient and effective alternative to study
adsorption behaviour in low concentrations on TiO2. The proposed method was applied to determine the
adsorption equilibrium constant of PA.
iO2

hotoelectrochemistry

. Introduction

Adsorption characteristics of organic compounds at the
iO2–liquid interface play an important part on the photocatalytic
xidation processes [1–8]. In order to improve the efficiencies of
he photocatalytic oxidation processes, adsorption kinetics and
hermodynamics at the interface should be investigated quantita-
ively. The measurement of adsorption amount at the TiO2 surface
s inevitably involved in the investigation of adsorption process.
raditionally, the amount of adsorbed species on the TiO2 nanopar-
icles can be determined directly via the following steps [8–10]:
1) sufficient amount of TiO2 nanoparticle slurries is added in
dsorbate solution in order to ensure that measurable amount
f adsorbates to be adsorbed from the solution by the adsorp-
ion process; (2) TiO2 slurry is separated from the solution using
ltration or centrifuge instrument; (3) post-adsorption washing
ith water to remove residue solution on the particles; (4) dis-

olve the adsorbates with organic solvent; (5) determination of
he adsorbate amount using chemical analysis tools, e.g., UV–vis
pectrophotometer or HPLC. This method is often insensitive, low
recision, tedious and time-consuming. More importantly, this
ethod cannot provide reliable measurement in a short time scale

e.g., seconds). This is mainly because adsorption time cannot be

uantified accurately due to the fact that adsorption reaction con-
inues during the separation of TiO2 nanoparticles from the reaction
olution.
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Due to the aforementioned problems, many attempts have been
attracted to directly probe and determine the adsorbate amount
using various ways, such as sum frequency generation spectroscopy
[11,12], photoelectrochemical techniques [8], IR [13], Raman spec-
troscopy [14], UV absorption spectroscopy [15], electrophoresis
[16], quartz crystal microbalance (QCM) [17], and even combined
techniques, such as, incorporation of photoelectrochemical and
spectroscopic techniques, i.e., Attenuated Total Reflection Inferred
(ATT-IR), and Resonance Raman Spectroscopy [18]. These attempts
have provided significant insights into the adsorption process in
time course (i.e., QCM method). However, difficulties remain for in
situ determination of the adsorption amount for small molecules
in aqueous solution in a very short time scale.

In our previous work, an ex situ photoelectrochemical method
was developed to measure the amount of phthalic acid (PA) adsorp-
tion on TiO2 electrode surface [8]. In the ex situ method, adsorption
of PA onto the TiO2 surface was carried out by immersing a TiO2
electrode into a PA solution for a given period of time, and then the
electrode was washed by the supporting electrolyte and transferred
to a photoelectrochemical reactor where the adsorption amount
of PA was measured. In contrast, in this study, we propose and
develop an in situ photoelectrochemical method where both the
adsorption process and the photoelectrochemical measurement
are conducted in the same solution of the target organic compound
in the same reactor. This arrangement of experiment has overcome
the aforementioned short time scale problems associated with the

quantification of the adsorbate amount on the TiO2 surface by elim-
inating the washing step. The adsorption process of PA on the TiO2
was investigated to demonstrate the applicability of the proposed
in situ approach. PA is an aromatic compound with two carboxyl
groups (H2C8H4O4, pKa1 = 2.95, pKa2 = 5.41) [19] which are known

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:s.zhang@griffith.edu.au
dx.doi.org/10.1016/j.jphotochem.2009.09.001
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o strongly adsorb to the surface of TiO2 [20]. The speciation of PA at
ifferent pH was discussed in our previous work. At pH 4, the domi-
ant form of PA is HC8H4O4

− that can be most favourably adsorbed
o TiO2 surface [8]. The proposed in situ method is expected to be a
imple and accurate alternative for determination of the adsorption
mount for small molecules in a very short time scale.

. Experimental

.1. Materials

Indium Tin Oxide (ITO) conducting glass sheets (8–10 �/square,
elta Technologies Limited) were used as substrates for TiO2 film
oating. All chemicals were of analytical grade and purchased from
igma–Aldrich unless otherwise stated. All solutions were prepared
sing high purity deionised water (Millipore Corp., 18 M� cm). PA
olution was prepared by dissolving potassium hydrogen phthalate
KHP) into 0.1 M NaNO3 solution and adjusting the solution pH to
.0 with HNO3.

.2. Preparation of the nanoporous TiO2 film electrode

Aqueous TiO2 colloid was prepared by hydrolysis of titanium
utoxide according to the method described by Nazeeruddin et al.
21]. The TiO2 nanoparticles were immobilized on the ITO surface
sing dip coating technique. The coated electrodes were dried in
ir, and then calcined in a muffle furnace at 700 ◦C temperature
or 16 h in air. The thickness of TiO2 porous films was ca. 500 nm
s measured with a surface profilometer (Alpha-step 200, Tencor
nstrument). The details of fabrication procedures and characteri-
ation information were described in our previous works [22,23].

All photoelectrochemical experiments were carried out in a
hree-electrode electrochemical cell with a quartz window for illu-

ination [23], containing Ag/AgCl as a reference electrode, Pt net
s a counter electrode and the resulting TiO2 electrode as a work-
ng electrode. 0.1 M NaNO3 (pH 4.0) was chosen as the supporting
lectrolyte throughout all the experiments. The working electrode
urface area exposed to solution and UV light was a circle with a
iameter of 10 mm. Illumination was achieved with a 150 W xenon
rc lamp light source (Trusttech, Beijing, China). To minimise the
eating of the TiO2 electrode from the infrared fraction of the xenon

ight, the xenon light beam was passed through a UV-band pass
lter (UG-5, Schott) prior to illuminating on the electrode surface.
ight intensity at the electrode surface was 6.6 mW/cm2 unless oth-
rwise stated. An optical shutter with an aperture of 20 mm (Copal
o., Japan) was used as optical switch to reproducibly control the
N and OFF of the UV illumination.

. Results and discussion

The TiO2 thin-film electrode used in this study was a mixed-
hase electrode, containing 96.8% of anatase and 3.2% of rutile. The
tructural characteristics of the electrode were reported in details
n our recent work [23]. Under sufficient UV illumination, different
rganic compounds in a low concentration range, despite their dif-
erence in chemical entities, can be stoichiometrically mineralized
t the mixed-phase TiO2 electrode under diffusion-controlled con-
itions due to the synergetic effect of the rutile and anatase phase
23]. The general equation for mineralization can be summarised
s follows:
yHmOjNkXq + (2y − j)H2O

→ yCO2 + qX− + kNH3 + (4y − 2j + m − 3k)H+

+ (4y − 2j + m − 3k − q)e− (1)
Fig. 1. LSVs at a light intensity of 6.6 mW/cm2 and a sweeping rate of 10 mV/s: (a)
the LSVs of the mixed-phase electrode at various PA concentrations; (b) the LSVs
after the subtraction of the background LSV (0 �M PA).

where the elements present are represented by their atomic
symbols and X represents a halogen element, respectively. The
stoichiometric ratio of elements in the organic compound is repre-
sented by the coefficients y, m, j, k and q. The number of electron
transfer (n) in the complete oxidation process is equal to 4y −
2j + m − 3k − q. Our previous adsorption study using ex situ pho-
toelectrocatalytic method had demonstrated that the oxidation of
adsorbed species follows the same principle as described by Eq. (1).

3.1. The photoelectrochemical property of the TiO2 electrode

The electron transfer process of Eq. (1) during the photo-
electrocatalytic reaction was well established [3,22]. Generally,
organic compounds are more readily oxidised than water by
the photoanode [24]. The oxidation of water and organic com-
pounds takes place at the TiO2 surface under the UV illumination,
and the role of the applied potential bias was mainly used to
collect electrons generated from the above processes [25]. The
photoelectrochemical behaviour of the TiO2 electrode was firstly
investigated using linear sweeping voltammetry (LSV) in PA solu-
tion. The photocurrent–potential characteristics of the electrodes
were obtained in the presence and absence of PA by LSV at a scan-
ning rate of 10 mV/s between −0.40 and 0.60 V vs Ag/AgCl (Fig. 1).
In the dark (with no UV illumination), no significant current was

observed for the blank (i.e., 0.1 M NaNO3) and PA solution. This
suggests that no typical electrochemical oxidation of water and PA
occurs between −0.40 and 0.60 V in the above scenarios.

As shown in Fig. 1a, under UV illumination, the photocurrent
increases dramatically with the potential bias in a low poten-
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ig. 2. A typical in situ transient photocurrent–time profile for various pre-
dsorption time (i.e., dark time), in a solution of 5 �M PA at pH 4.0.

ial region (i.e., −0.4 to −0.1 V) and then levels off with a very
mall slope in a high potential region (i.e., −0.1 to +0.6 V). It was
bserved that the LSV curves at different concentration (from 2.5
o 125 �M PA) share almost identical slope with the LSV curve
f the blank in the high potential region. The LSV curve for the
lank (with 0 �M PA) involves mainly the oxidation of water and
ome minor resistance effect between TiO2 nanoparticles and ITO
lass [26]. The LSV curves of different PA concentration in Fig. 1b
ere obtained by subtracting the corresponding LSV values of the

lank, which removes the above effects of the blank. Therefore,
he i–E curves of Fig. 1b can be considered as a result from the
xidation of different PA concentration. Typical saturated pho-
ocurrents at different PA concentration could be observed when
he sweeping potential was greater than 0.0 V. This suggests that,
or a given PA concentration, the photocurrents were indepen-
ent to the potential in this potential range, which was similar
o the photocurrent–potential relationship obtained from a pure
natase TiO2 electrode in a PA solution as discussed in our pre-
ious work [8]. Such photocurrent–potential relationship may be
xplained as follows. For a given light intensity, the concentration
f photo-generated electron–hole pairs (or the production rate of
lectron–hole pair) is constant. The magnitude of the photocur-
ent, i.e., the actual rate of electrons reaching the back contact,
epends on two factors: the electron transport in the film and the
hotohole capture process at the TiO2–solution interface. Before
he photocurrent reaches saturation with respect to potential (i.e.,
rom −0.4 V to 0.0 V), the electron transport across the film is the
ate-determining step. As a result, a monotone increase LSV curve
s obtained. When the rate of the electron transport is not increased
y increasing the applied potential (i.e., from 0.0 to +0.5 V), the
ate of reduction of the photo-generated hole becomes the lim-
ting factor resulting in photocurrent saturation. The saturation
uggests that the electrons due to the photoelectrochemical oxida-
ion of PA were collected and transferred to the counter electrodes
ompletely which is evidenced in Fig. 1b. In this study, a +0.30 V
otential bias was selected for all subsequent experiments. This
as chosen such that the potential bias was sufficient to suppress

he recombination of photo-induced electron–hole pairs but not
o positive to electrochemically oxidise water and PA at the ITO
urface, which complicates the adsorption investigation.
.2. In situ transient photocurrent response

Under a constant applied potential bias, a photocurrent spike
an be observed from a TiO2 porous film electrode when the UV
ight is illuminated on the electrode surface. Fig. 2 shows the tran-
tobiology A: Chemistry 208 (2009) 97–103 99

sient photocurrent responses obtained at +0.30 V applied potential
with different dark time duration in a 5 �M PA (pH 4.0) solu-
tion containing 0.10 M NaNO3. A sharp photocurrent spike was
observed immediately after the light was switched on, the pho-
tocurrent then decayed gradually to a steady photocurrent. This
phenomenon has been reported in an investigation of photoelec-
trochemical oxidation of oxalate at TiO2 porous film electrodes [3].
The peak current in Fig. 2 is considered as the photoelectrochemical
consumption of adsorbed organic compound rather than a double
layer charging and discharging process [3]. The magnitude and area
of the photocurrent spike increased as the time of the dark period
increased. Such a transient response of photocurrent has long been
observed and studied [3,8]. The transient response is mainly due
to Faradic photoelectrochemical degradation of adsorbed PA [26].
This is because the time domain of the transient observed was much
longer than the normal capacitance response of space charge layer
and electric double layer, and the area under the current spike was
found to be dependent on the non-illumination time length and the
PA concentration, which are not the characteristics of charging and
discharging current.

The steady-state photocurrent was independent of the time of
dark period, which is another characteristic of the transient pho-
tocurrent profiles. According to the semi-empirical treatment of
steady-state mass transfer method [27], under the diffusion control
condition, the limiting photocurrent (iL) can be given by

iL = nFADC

ı
(2)

where, n is the number of electrons transferred in the complete
mineralization of organic compounds (see Eq. (1)), F is the Faraday
constant, A is the apparent surface area of the electrode, D and ı
refer to the diffusion coefficient of the organic compound and the
thickness of the effective diffusion layer respectively, and C is the
bulk concentration of the organic compound.

Fig. 3a depicts typical photocurrent responses of TiO2 thin-film
electrode in blank and PA solutions under UV illumination. The
steady-state photocurrent (iss) is the aggregate current resulted
from the oxidation of water (steady-state photocurrent iblank) and
oxidation of PA limited by a diffusion control process (steady-state
current iL).

In practise, the iL is the difference of iss and iblank, i.e.:

iL = iss − iblank (3)

Fig. 3b shows the plot of PA concentration against the net pho-
tocurrents (iL) that were calculated using Eq. (3). The excellent
linearity between iL and the PA concentration was observed at low
PA concentrations (<300 �M PA), which suggests that, within the
low PA concentration range, the mass transport of PA from the bulk
solution to the electrode surface was the rate-limiting step among
the interfacial processes, which supports Eq. (2). This phenomenon
was observed for other organic compounds as well [23]. Our previ-
ous work demonstrated that under the diffusion control conditions,
all the organic molecules diffused to the electrode surface could
completely be mineralized [23].

Theoretically, photo holes cause three competitive processes at
the TiO2 surface: the oxidation of water, the oxidation of PA, and
electron–hole surface recombination. Though PA is more preferen-
tially oxidised than water, the competition for photo holes between
PA and water is significant at high PA concentrations. In the case of
low PA concentrations (i.e., in the range of �Ms), the competition
for photo holes between low concentration of PA (i.e., �M of PA)

and extremely high concentration of water molecules (i.e., 56 M
water) can be neglected. Therefore, the current result from the oxi-
dation of water can be considered to be relatively constant and the
increase of iL is more likely due to the decrease of surface carrier
recombination that in turn was beneficial from the availability of
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ig. 3. (a) The determination of the limiting current (iL); (b) the relationships
etween the limiting currents and PA concentrations at UV light intensities of 8.1,
.6, 4.5 mW/cm2, respectively.

A. This analysis is evidenced by the fact that iL is directly propor-
ional to the PA concentrations at low concentration range while it
s leveled off at higher concentrations (see Fig. 3b).

The effect of light intensity on the photocurrents under a con-
tant potential was investigated. It is observed that the increase
f the light intensity will increase the total current (iss) and iblank,
hich is obviously due to the increase of photo holes resulting

rom the injection of more photons. iL at different light intensity
re subsequently plotted against PA concentration in Fig. 3b. Inter-
stingly, the increase of the light intensity does not increase the
ensitivity to PA (i.e., the slope in Fig. 3b), but it extends the linear
ange of the calibration curve. This is because this increase in iss

as mainly contributed by the increase of the blank photocurrent
iblank) generated from water oxidation. The excess of photo holes
re consumed by water due to the concentration of water (56 M) is
ramatically higher than the organic compound concentration. The
act that the iL is independent of the illumination intensity at low
A concentrations (<100 �M PA under all indicated light intensity)
gain suggests that the competition for photo holes between water
nd PA is negligible. More importantly, this confirms that the iL is
nder the diffusion control of PA.

.3. The principle of in situ adsorption measurement
The diffusion-controlled photocurrent in Fig. 3b also implies
hat, at the time when steady-state current is attained, the PA con-
entration and water concentration at the TiO2 electrode surface
an be assumed to be zero. In other words, a perfectly clean surface
i.e., un-adsorbed surface) of TiO2 can be obtained at the steady
Fig. 4. The determination of adsorbed organic compound using the in situ adsorption
measurement.

state. This is of importance as this characteristic is an excellent
indication of the completion of consumption of adsorbates, i.e., pre-
adsorbed organic compounds and water during the dark time. Also,
a completely clean surface is an ideal starting point for adsorption
reaction study. This allows the in situ measurement of adsorption
amount and forms the theoretical base for the proposed in situ
method. The attainment of the diffusion-controlled photocurrent
is essential for the proposed adsorption measurement method.

The solid line in Fig. 4 is a typical photocurrent profile upon the
UV illumination and the dash line is an integration reference line. As
aforementioned, the steady-state photocurrent is the overall cur-
rent originated from the photoelectrocatalytic oxidation of organic
compounds and water molecules. The photoelectrocatalytic oxi-
dation of organic compounds was under the diffusion control of
the organic species, e.g., PA, while the oxidation rate of water is
constant due to the invariable water concentration (i.e., 56 M). In
contrast, the photocurrent of the spike consists of the oxidation
current of the adsorbates (including adsorbed organic compounds
and adsorbed water molecules) and the steady-state current. The
attainment of steady-state current indicates the mass transport at
the electrode surface is under the control of the diffusion, and sug-
gests that the adsorbates on TiO2 surface have been mineralized
completely. Based on the above observation and hypothesis, we can
conclude that the net photocurrent (inet) of the spike photocurrent
(i) and the steady-state current (iss) is the photocurrent originated
from oxidation of adsorbates, i.e., inet = i − iss. By integrating this net
current using the integration reference line in Fig. 4 and Eq. (4), we
obtain the charge (Qnet), i.e., the shaded area shown in Fig. 4.

Qnet =
∫

iLdt =
∫

(i − iss)dt (4)

Though it is possible that the water can be adsorbed in the
presence of organic compounds, the contribution from the water
adsorption can be neglected because the adsorption kinetics of
water is slow. More importantly, organic adsorbates can compete
adsorption sites with adsorbed water molecules. Nevertheless, the
adsorption of strong adsorbates, such as PA, is the dominant process
in aqueous solution.

For a specific organic compound, the number of electron transfer
(n) during the mineralization process can be calculated according
to Eq. (1), e.g., n = 30 for PA [25]. Once the number of electrons
(i.e., Qnet) oxidised at the TiO2 surface is determined, according to

Faraday’s Law, we can quantify the amount of adsorbed molecule
using Eq. (5). Therefore Qnet can be considered as a measure of the
amount of adsorbates on TiO2 surface.

moles = Qnet/(nF) (5)
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Table 1
The slopes and intercepts obtained by linear regression using data from in situ
adsorption measurement in a short time scale (Fig. 5b).

[PA] �M Slope (�C/s) Intercept (�C)

25 6.9474 30.358
20 5.864 30.943
15 4.5163 25.64

esis. This can be explained by the Fick’s law, i.e., the adsorption
amount was proportional to a given adsorption time when the
adsorption reaction rate is limited by the mass transport of the
adsorbate (see Fig. 5b). It is to note that this is only valid in low
ig. 5. The relationship between Qnet obtained from the in situ adsorption measure-
ent in a long time scale (a) and in a short time scale (b).

.4. Effect of PA concentration

The relationships between the net charge (Qnet) and the in situ
re-adsorption time at different PA concentrations in a long time
cale (i.e., 30 min) and a short time scale (i.e., 30 s) were obtained
sing Eq. (4) as shown in Fig. 5a and b, respectively. Fig. 5 indicates
hat Qnet increased dramatically for the first 30 s, and then increased
lowly and subsequently leveled off, which suggests that adsorp-
ion equilibrium was attained. Fig. 5a shows that the Qnet increased
ith the increase of adsorbate concentration and time, and that it

ook less time for high adsorbate concentration to reach adsorption
quilibrium state. For example, the adsorption equilibrium could
e attained in <20 min at a relatively high concentration of PA (i.e.,
5 �M). In contrast, at a low adsorbate concentration (e.g., 2.5 �M),
he net charge increased much slower with pre-adsorption time
han that at a high adsorbate concentration. This was similar to
he observation at the anatase phase TiO2 electrode using ex situ

ethod [8].
With conventional chemical analytical technique, it is very diffi-

ult to investigate the fast adsorption process (e.g., the first 30 s) in
n accurate and reproducible manner. This is mainly due to the lack
f effective method to accurately quantify the adsorption reaction
ime. In this experiment, the accurate control of UV-light shut-off
ime provides a definite reference point to quantify the adsorp-
ion reaction time and a perfect zero adsorption point to quantify
he adsorption amount. Fig. 5b shows the adsorption behaviour in

he short time scale, which was obtained by using the proposed
n situ method. As shown in Fig. 5b, Qnet increased linearly with
dsorption time for a given PA concentration in the first 30 s. This
emonstrates that the PA diffusion prevails over other steps of the
10 3.3583 26.112
5 1.9325 29.851
2.5 1.4053 25.879

adsorption process during the first 30 s, which verifies our previous
hypothesis.

For further quantitative analysis, linear regression was con-
ducted for the Qnet at different PA concentrations with the
adsorption in Fig. 5b, respectively. The slopes and intercepts on
the y-axis of the trendline equations for the different PA concen-
trations were obtained and listed in Table 1. Table 1 indicates that
the slope increased with the PA concentration increase while the
intercept values are all positive and relatively constant.

The slopes in Table 1 represent the adsorption rates at differ-
ent PA concentrations. In order to quantitatively investigate the
relationship between adsorption rate and PA concentration, the
slope values were plotted against PA concentration (see Fig. 6).
Excellent linearity (R2 = 0.9988) could be observed between the
adsorption reaction rates and PA concentrations. This linear rela-
tionship between the adsorption rate and PA concentration here is
a direct reflection of Fick’s law of diffusion (Eq. (2)). As aforemen-
tioned, when a steady-state current is reached, the mass transport
of PA from bulk solution to the TiO2 electrode surface is limited
by the PA concentration. In other words, at this time, the PA con-
centration at the TiO2 electrode surface can be considered as zero.
When UV light is switched off, the photoelectrocatalytic degrada-
tion reaction (Eq. (1)) stops, and the net adsorption reaction of PA
starts on the TiO2 surface.

Interestingly, slopes of PA diffusion-limiting oxidation current,
as indicated in Fig. 3b, is almost identical to the PA diffusion-
limiting adsorption rate (see Fig. 6), sharing with the same value
and unit (i.e., �A/�M = �C s−1/�M). This is because both the adsorp-
tion in the dark and the photoelectrocatalytic oxidation processes
under UV illumination were controlled by the diffusion of PA. This
can be considered as a significant evidence supporting our hypoth-
Fig. 6. The slopes (adsorption reaction rate) obtained from Table 1 were dependent
on the PA concentrations.
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dsorbate concentration range and at the time of low surface cov-
rage of the adsorption surface (i.e., sufficient adsorption reaction
ites). The former condition assures that the mass transport is suffi-
iently slow because of the small concentration gradient, while the
atter one guarantees an adequately fast adsorption reaction rate.
he common slopes of Figs. 3b and 6 also suggest that the PA dif-
usion limiting net current can be used to estimate the maximum
dsorption amount, which is simple and straightforward. This is
ecause the adsorption process can never exceed the mass trans-
ort of adsorbate. In a longer time domain, the adsorption rate
ecreased with the increase of the surface coverage of the inter-
ace (see Fig. 5a). In this case, the adsorption rate will be limited by
he availability of un-adsorbed sites rather than the mass transport
f the adsorbates.

The positive small intercepts shown in Table 1 is very likely due
o the water adsorption in dark time. This is because the water
oncentration (i.e., 56 M) was predominantly higher than the PA
oncentrations and inevitably contributed a small amount of charge
o Qnet, despite of the weak water adsorption nature of TiO2 surface
n the presence of strong adsorbates. Nevertheless, the contribu-
ion of water adsorption to Qnet was insignificant in comparison
ith that of strong organic adsorbates (e.g., PA). Table 1 also shows

hat the intercept values did not change much with the variation of
A concentrations ranging from 25 to 31 �C. This variation can be
ttributed to the fact that the water concentrations were relatively
onstant (e.g., 56 M) at different PA concentrations.

. Adsorption thermodynamics

In situ adsorption measurement of PA illustrated in Fig. 5(a)
lso indicates that after a period of 20 min, the adsorption process
as reached equilibrium for all concentrations from 2.5 to 25 �M.

t took slightly less time to reach the adsorption equilibrium for
his mixed-phase electrode than that for the anatase electrode in
he ex situ study (ca. 30 min), which is very likely due to the TiO2
lm thickness for the mixed-phase electrode (i.e., 500 nm) is sig-
ificantly thinner than that for the anatase electrode (i.e., 1 �m).
hinner thickness of the TiO2 film apparently facilitates faster mass
ransport of adsorbate from film surface to the film inside.

Adsorption behaviour of organic compounds on TiO2 surfaces
ommonly follows Langmuir adsorption model [8,28,29]. Assuming
onolayer adsorption, the surface coverage, �, can be defined as the

mount ratio of occupied sites to the total adsorption sites. Because
he amount of occupied sites is directly proportional to the charge,
.e., Q, � can be expressed by the ratio of the measured net charge
Qnet) to the maximum net charge (Qmax) at 100% surface coverage
8], i.e.,

= Qnet

Qmax
(6)

Because of the large ratio of solution volume (i.e., 100 ml) to the
lectrode geometric area (0.75 cm2) in our adsorption study setup,
here was no significant change in the bulk adsorbate concentration
C) during the adsorption and photoelectrochemical measurement
rocesses. In other words, our setup meets another assumption
f Langmuir isotherm. Assuming K is the adsorption equilibrium
onstant, Langmuir isotherm equation can be then written as

C

Qnet
= 1

Qmax
C + 1

Qmax

1
K

(7)

The net charges Qnet, obtained from Fig. 5 after 20 min of adsorp-

ion time, and the corresponding PA concentrations are treated to
t the Langmuir model (i.e., Eq. (7)) by plotting C/Qnet against C to
btain a straight trendline as indicated in Fig. 7. The linear rela-
ionship (R2 = 0.9829) suggests the adsorption behaviour of PA on
iO2 electrode surface being in good agreement with the Langmuir
Fig. 7. The fitting of the isotherm to Langmuir adsorption model.

model, and the adsorbate molecules form a monolayer coverage on
the TiO2 surface.

According to Eq. (7), from the gradient and the intercept of
the best-fit trendline, Qmax and K of the mixed-phase electrode
are calculated to be 1.12 mC and 1.7 × 105 M−1, respectively. The
Qmax of the single phase (i.e., anatase film) by ex situ method (i.e.,
4.19 mC [8]) was >3 times higher than that of the mixed-phase
electrode. This can be explained by the fact that the anatase TiO2
electrode (treated at 450 ◦C) has a larger thickness (1 �m [8]) and
higher porosity than the mixed-phase electrode (500 nm) that was
treated at 700 ◦C [23]. In comparison of the resulting K value of
the mixed-phase TiO2 electrode measured by this in situ method
to the result of the anatase phase TiO2 electrode from the ex situ
study (i.e., 4.0 × 104 M−1)[8], the mixed-phase K value is approx-
imately 5 times greater than that obtained from the single-phase
electrode. The greater K value of the rutile-anatase mixed-phase
coincides with its synergetic effect that bestows the mixed-phase
electrodes with an exceptional ability to mineralize organic com-
pounds and remarkable resistance to the inhibition by aromatic
compounds [23]. This is in strong contrast with the single anatase
phase TiO2 that is readily poisoned by KHP.

5. Conclusions

The adsorption amount of adsorbates on titania surface can be
determined by the proposed in situ photoelectrochemical tech-
nique. The proposed method can directly quantify the amount
of adsorbates at titania surface in a sensitive, reproducible and
accurate manner, hence provides a powerful tool for the adsorp-
tion process study. In a short period time (e.g., less than 30 s)
and in low adsorbate concentration range, the adsorption reac-
tion rate was found to be equal to the degradation rate, which
provides a strong support for the proposed adsorption measure-
ment method. This proposed method may be used to investigate
the adsorption behaviour of weak adsorbates, where the weak
adsorbates on the TiO2 may be removed (partly or completely) by
the post-adsorption washing process in the ex situ method. Using
the obtained data from the in situ measurement, thermodynamic
analysis indicated that the adsorption process fits the Langmuir
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