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a  b  s  t  r  a  c  t

To  explore  the  kinetics  of photoelectrocatalytic  degradation  of  salicylic  acid,  one  of the  important  PPCPs,
highly  ordered  TiO2 nanotube  arrays  (NTs)  were  prepared  by  the  electrochemical  anodization  and  char-
acterized  with  scanning  electron  microscopy  and  X-ray  diffraction  techniques.  The effect  of  TiO2 NTs
properties,  bias  potential,  initial  salicylic  acid  concentration  and  solution  pH  on  the  degradation  effi-
ciency  was  studied  and  carefully  analyzed.  The  results  revealed  that the  salicylic  acid  degradation  follows
eywords:
iO2 nanotube arrays (NTs)
alicylic acid
PCPs

quasi-first  order  kinetics  in  the photoelectrocatalytic  process,  and  the  fastest  decay  kinetics  was  achieved
in acidic  environment  (pH  2). The  result  was  further  interpreted  through  the  electrochemical  impedance
spectroscopy.  It is  confirmed  that the  electrochemical  assisted  photocatalysis  is  a synergetic  approach  to
combat  stable  organic  substances  with  improved  efficiency.

©  2014  Elsevier  B.V.  All  rights  reserved.
hotoelectrocatalysis
V–vis spectroscopy

. Introduction

During the past two decades, there has been a rising concern
bout the pharmaceuticals and personal care products (PPCPs) dis-
overed in various surface and ground waters across the world
1,2]. These include a wide variety of chemical substances such
s painkillers, antibiotics, tranquilizers, skin care products, hair
tyling agents and so forth [2]. The discharge of PPCPs and their
etabolites into environment through the production process and

aily consumption would pose long-term adverse effects, such as
ene modification and resistance to drugs, on the aquatic micro-
rganisms and human bodies, even at trace concentrations [3,4].
esides, due to the continuous usage and release into aquatic
nvironment, the pollution caused by PPCPs usually exhibits
he pseudo-persistent behavior [5]. As a consequence, effective
emoval of such hazardous substance from water system needs to
e given priority to avoid any potential toxicity to living organisms.
The conventional wastewater treatment techniques usually
how inferior performance in removing these PPCP compounds,
uch as biological decomposition and physical approaches

∗ Corresponding author at: Department of Environmental Science and Engineer-
ng, Xi’an Jiaotong University, Xi’an 710049, China. Tel.: +86 029 82664731.
∗∗ Corresponding author.
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169-4332/© 2014 Elsevier B.V. All rights reserved.
including adsorption, coagulation and so on [4,6–8]. This is
partly ascribed to their anti-bacteria properties, hence PPCPs
and their incomplete residues are often detected in the effluent
water. Physical methodologies, on the other hand, simply transfer
the substances from one phase to another. Therefore, the post
treatment steps and associated costs are unavoidable [9].

For decontamination of these recalcitrant and anthropic pol-
lutants with low concentrations (ppm-ppb level), photocatalysis
was proved to be an efficient advance oxidation technology
[10]. Under band gap illumination, the semiconductor itself can
be excited to produce electron (e−) and hole (h+) pairs, which
will initiate formation of several strong oxidizing radicals such
as •OH and •O2

−. These species can non-selectively react with
most organics and realize efficient destruction of them [4,11,12].
The photocatalytic decomposition of pharmaceuticals such as
non-steroidal anti-inflammatory drugs [13–15], paracetamol [16],
fluoroquinolone [17], sulfamethoxazole [18,19], chloramphenicol
[20] carbamazepine [21], etc., all demonstrate improved treatment
efficiency and lowered toxicity. However, the fast e−/h+ recom-
bination rate usually encountered in photocatalysis still retard
its further enhancement. In this regard, electrochemical assisted
photocatalysis, or photoelectrocatalysis (PEC), which employs a
positive bias potential to the semiconductor to keep charge carriers

apart by the built-in electric field, has earned increasing attention
in recent years [9,22–26].

TiO2, being a stable, non-toxic and abundant semiconductor, is
widely studied as a promising material for remediation of polluted
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ater [27]. The nanostructured TiO2 developed in recent years
ven demonstrate superior performance due to the facile charge
ransport to the electrode surface where interfacial reactions occur.
erpendicular aligned TiO2 nanotube arrays (TiO2 NTs), produced
y anodic oxidation of titanium substrate, constitute a very impor-
ant nanostructure in water splitting, solar cells and photocatalysis
elds. There are several merits linked with TiO2 NTs, such as great
urface area, strong oxidative power, excellent light penetration
nd scattering effect and etc. [28]. The most important part lies
n its unique nanotubular structure that facilitates photo-excited
oles moving towards electrode/electrolyte interface and electrons
igrating along the vertical channels towards the titanium sub-

trate [29], thereby leading to a decreased probability of e−/h+

ecombination. From the practical perspective, the in-situ growth
f TiO2 NTs on titanium substrates facilitates the readily use as pho-
oanodes in wastewater purification, without the need of catalyst
eparation.

According to the mechanism of photoelectrocatalysis, there are
everal factors affecting its performances, including external bias
otential, light intensity, solution condition, electrode geometry
roperties and so on [27,30]. PPCPs, being a special type of organ-

cs, their degradation behavior subjected to the PEC process are still
ack of enough investigation. Salicylic acid (SA), one of the impor-
ant stock chemicals widely used in production of pharmaceuticals
nd cosmetics, is selected as our target pollutant due to its serious
amage to human health and the aquatic environment [31]. The
im of this work is to understand the factors controlling the photo-
lectrocatalytic oxidation of salicylic acid over TiO2 NTs electrodes.
hrough the electrochemical impedance spectroscopy, the effect of
H value on the degradation process of SA is further interpreted. It is
xpected that this study would give more insights into the PEC oxi-
ation towards salicylic acid, which might be of crucial significance

n understanding the PEC degradation behavior of PPCP chemicals
ith similar structures.

. Experimental

.1. Materials

Salicylic acid, ammonia fluoride (NH4F), ethylene glycol (EG),
odium sulfate (Na2SO4), sodium hydroxide (NaOH) and sulfuric
cid (H2SO4) were all analytical grade chemicals purchased from
uchen chemical company (PR China). All these chemicals were
sed without further purification. Titanium sheets (0.5 mm thick)
ith purity higher than 99.6% were purchased from Baotai. Co. Ltd,
hina.

.2. Fabrication of TiO2 NTs

Prior to the electrochemical anodization, titanium sheets were
ut into pieces with dimension of 2 cm × 4 cm,  followed by immers-
ng in aqua-regia for 24 h to remove surface organic contaminants.
hen the titanium pieces were ultrasonically cleaned in abso-
ute ethanol and ultrapure water for 15 min, respectively. The
lectrochemical anodization was conducted in two electrode con-
guration, with the titanium substrate as working electrode and
latinum as counter electrode. The electrolyte was  comprised of
.3 wt% NH4F, 3 vol% H2O and ethylene glycol, similar with the for-
ula described in previous literatures [32]. A constant voltage of

0 V provided by the DC power supply (Jiangbo, JBP-15005, China)
as applied to the electrodes for 1 h at room temperature to form
rdered TiO2 NTs. The as-prepared TiO2 NTs samples were ultra-
onically cleaned in 0.1 M NaOH solution at frequency of 59 kHz
nd output power of 160 W (provided by sonicator SG5200HPT,
utel Ltd. company, PR China), to remove surface deposits. Finally,
ience 308 (2014) 161–169

the samples were annealed in air at 500 ◦C for 2 h, with ramp
rate of 1 ◦C/min to induce crystallization. Specifically, the TiO2 NTs
were anodized for various durations to obtain various lengths and
annealed at different temperatures for comparison.

2.3. Characterization

The annealed TiO2 NTs samples were characterized by SEM
and XRD techniques: the surface morphology was obtained on the
JSM-6700F field-emission scanning electron microscopy; the crys-
tal structure of TiO2 NTs was  identified by the X’pert PRO MRD
diffractometer using Cu-K� source (� = 0.15416 nm), with a scan-
ning angle (2�) range from 10◦ to 80◦.

2.4. Cyclic voltammetry scans and impedance spectroscopy

All electrochemical and photoelectrochemical experiments
were performed in the three electrode configuration, with TiO2
NTs as the working electrode, platinum foil as the counter elec-
trode, and Ag/AgCl (3 M KCl) electrode (206.2 mV  vs. NHE at 25 ◦C)
as reference electrode. Please note that all potentials in this work
hereafter are referred to the Ag/AgCl (3 M KCl) electrode. Cyclic
voltammetry was tested on Ivium potentiostat (Netherland), in
0.1 M Na2SO4 supporting electrolyte and 0.1 M Na2SO4 contain-
ing 20 ppm salicylic acid, respectively. The scan rate was set to
be 50 mV/s. The geometric area of the electrode exposing to the
electrolyte was  0.07 cm2. For photoelectrochemical measurements,
the conventional cell was replaced by a quartz cell to allow UV
light transmission. The light source was  provided by a 365 nm LED
with total optical output power of 300 mW cm−2. The three light
intensities we adopted in this work are 10% (30 mW cm−2), 20%
(60 mW cm−2) and 30% (90 mW cm−2), respectively. The illumina-
tion area of TiO2 NTs was set to be 1 cm2.

To reveal the interfacial charge transfer kinetics in SA photo-
electrocatalytic degradation process, the impedance spectroscopy
was conducted on CHI 660D potentiostat (Chenhua, China). The
perturbation frequency range was between 1000 Hz and 1 Hz, with
amplitude potential of 10 mV applied to the working electrode.

2.5. Photoelectrocatalytic activity tests

All PEC degradation tests of SA were conducted in a home-
built quartz cell to allow UV light transmission. The CHI 660D
potentiostat (Chenhua, China) was employed to provide constant
bias voltages, meanwhile recording the corresponding current. The
same electrode configuration with the electrochemistry tests was
adopted in the PEC process. The TiO2 NTs samples were serving as
working electrodes, with area roughly around 2 × 2.7 cm2 immers-
ing in the electrolyte with a fixed volume of 40 mL.  The electrolyte
was comprised of 0.1 M Na2SO4 (as supporting electrolyte) and SA
with an initial concentration of 20 ppm. Prior to each PEC degrada-
tion run, the TiO2 NTs working electrode was  kept in the electrolyte
under darkness for 30 min  to ensure adsorption equilibrium. The
light source was provided by the 500 W Xenon lamp (Trust tech. Co.
Ltd., PR China) in full wavelength range with illumination intensity
around 453 mW cm−2. To avoid the heating effect caused by the
infrared irradiation, the quartz cell was  cooled down by circulating
water.

The SA concentration was monitored on the Agilent 8453
UV–vis spectrophotometer. During the PEC process, aliquot was
withdrawn from the electrolyte at an interval of 10 min  to measure

the absorbance change. According to the Lambert-Beer law, the
absorbance of standard SA solution with various concentrations
was recorded, and plotted against concentration to obtain the
calibration curve. In order for comparison, direct photolysis,
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hotocatalysis (PC) and electrocatalysis (EC) experimental runs
ere also performed.

. Results and discussion
.1. Morphology and crystalline structure

Fig. 1 presents the SEM images of TiO2 NTs annealed at various
emperatures and their corresponding XRD patterns. Although

Fig. 1. SEM images of TiO2 NTs annealed at (a) 400 ◦C; (b) 500 ◦C; (c) 600 ◦C; (d) 700 ◦C an
ience 308 (2014) 161–169 163

some surface debris was not entirely removed off, nanotubular
structures can still be noticed in each image. From 400 ◦C to
600 ◦C, there is no significant morphology changes (as shown
in Fig. 1a–c), while for TiO2 NTs annealed at 700 ◦C, the tube
walls get much thicker and the nanotubes stack more compact

together (Fig. 1d). Such morphology variation with temperature
can be interpreted from the XRD results shown in Fig. 1e. It can be
observed that at 400 ◦C the dominant diffraction peaks are perfectly
assigned to anatase (1 0 1), (0 0 4) and (2 0 0) planes (JCPDS number

d (e) corresponding XRD patterns of TiO2 NTs annealed at different temperatures.
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Table  1
Crystallite sizes of TiO2 NTs annealed at various temperatures.

Annealing temperature (◦C) 400 500 600 700

0
i
U
2
T
c
T
a
h
a
l
t
n

3

a
N
A
s
U
r
i
i

F
d
N

Crystallite size (nm) 16.3 16.3 17.1 18.4

0-021-1272). With temperature increases, the intensity of peaks
s slightly enhanced, indicating the growth of TiO2 crystallites.
ntil the temperature reaches 700 ◦C, a small diffraction peak at
� = 27.4◦ appears, which suggests the formation of rutile phase
iO2. Through Sherrer equation, the crystallite sizes of TiO2 NTs
alcined at different temperatures were calculated and listed in
able 1 [33]. It is observed that the crystal dimension increases
s temperature rises. Therefore, the tube wall thickening that
appens at 700 ◦C can be ascribed to the large crystallites formed
t this temperature. Besides, rutile has a more distorted crystal
attice compared to anatase according to literatures [34]. Hence,
he transformation of anatase to rutile may  lead to the irregular
anotube geometry.

.2. Electrochemistry and photoelectrochemistry of TiO2 NTs

Cyclic voltammetry was employed to study the electrochemical
nd photoelectrochemical behavior of TiO2 NTs electrodes in 0.1 M
a2SO4 and 0.1 M Na2SO4 containing 20 ppm SA, respectively.
s presented in Fig. 2a, in 0.1 M Na2SO4 electrolyte, extremely
mall current is detected in the studied potential range without
V illumination. In contrast, under the UV illumination there is a
emarkable anodic current rise from around −0.4 V; the current
ncreases significantly as potential sweeps positively, whereas
n the cathodic potential range the current remain the same.

ig. 2. (a) Cyclic voltammograms of TiO2 NTs in 0.1 M Na2SO4 in the dark and under
ifferent UV irradiation intensities; (b) Cyclic voltammograms of TiO2 NTs in 0.1 M
a2SO4 and 0.1 M Na2SO4 containing 20 ppm SA, with and without UV irradiation.
Fig. 3. (a) UV–vis absorption spectra of SA at various concentrations; and (b) the
calibration curve of absorbance as a function of SA concentration at 297 nm.

Therefore, it justifies the excellent photo-responsive behavior of
TiO2 NTs under illumination. Another point to note is that the
photocurrent saturates at lower anodic potentials with 10% UV
irradiation, while the current saturate at more positive potentials
with 20% and 30% UV irradiation. This indicates that at low irra-
diation intensities, the e−/h+ charge separation is easily achieved
at low bias potential, while the charge separation becomes more
difficult as illumination intensity increases. It might be related
with the small dimension of TiO2 nanotube walls where high
concentration of e−/h+ find difficult to separate apart.

When salicylic acid was  added into the 0.1 M Na2SO4 elec-
trolyte, as shown in Fig. 2b, there is no measurable photocurrent
from −0.4 V in the dark; whereas under illumination the pho-
tocurrent is increased and mostly overlapped with that measured
in Na2SO4 solution without SA, until reaching 0.7 V where the
observed photocurrent in SA is slightly higher than that in the
background solution. Evidently, there is no so-called photocurrent
enhancement effect which is often observed in methanol added
electrolyte [35]. It indicates that salicylic acid is a very stable sub-
stance that requires high energy to break the chemical bonds. Since
cyclic voltammetry is only a dynamic measurement approach, the
degradation of SA under constant illumination and bias potential is
studied in the following sections.

3.3. Photoelectrocatalytic activity tests
3.3.1. Calibration curve of SA standard solution
Fig. 3 shows the spectral absorbance curves measured at dif-

ferent SA concentrations, and the calibration curve obtained at
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For the following experiments, 0.5 V bias potential was  adopted
since the SA degradation efficiency at this potential is satisfac-
tory.
ig. 4. Effect of TiO2 NTs length on SA degradation in PEC process at 0.5 V with initial
oncentration of 20 ppm.

avelength of 297 nm.  Clearly, a good linear relationship between
he absorbance at 297 nm and SA concentration was established, as
he regression coefficient R2 reaches 0.99987. Thus, in the following
A degradation experiments, the absorbance changes with time at

 = 297 nm were recorded, and the values were converted into con-
entrations according to the linear regression equation y = 0.02498x
s displayed in Fig. 3b.

.3.2. Parameters affecting the PEC degradation of SA

.3.2.1. Effect of TiO2 NTs electrode properties. Photoelectrochemi-
al oxidation of SA was conducted at potential of 0.5 V and constant
llumination of 453 mW cm−2. The effect of TiO2 NTs electrode
roperties was first considered. Fig. 4 presents the comparison
esult of SA degradation achieved on TiO2 NTs with differing lengths
nd similar wall thickness. As can be seen, TiO2 NTs featuring 6 �m
ong possesses the highest decontamination rate in 80 min  while
hat with 10 �m length exhibits the lowest removal efficiency.
he degradation discrepancy between various tube lengths can be
xplained as follows. In theory, for nanotube structure the surface
rea is primarily affected by the tube length, so with tube length
rolongs the surface area for photon absorption also increases. This

s justified by the excellent light penetration and scattering prop-
rties found in such regular nano-structures [36,37]. On the other
and, as surface area increases more active sites would be accessi-
le for heterogeneous catalytic reaction to occur, so the improved
egradation activity with the increase of tube length is expected.
owever, the experimental data showed us the inconsistent ten-
ency in SA degradation process; similar results were also obtained

n previous reports [38]. It is speculated that beyond a certain range
f TiO2 NTs length, the diffusion of reacting species inside the inner
ubes plays a key role in controlling the overall reaction rates.

The effect of TiO2 NTs annealing temperature on the PEC activity
owards SA was investigated as shown in Fig. 5. It can be observed
hat from 400 ◦C to 600 ◦C, the degradation efficiency shows slight
iscrepancy whereas at 700 ◦C a significant drop happens. This phe-
omenon can be explained from the perspective of morphology and
rystalline structure of TiO2 NTs. As shown before, the TiO2 NTs
emained the same micro-appearance from 400 ◦C to 600 ◦C, until
00 ◦C that the shrinkage of nanotubes occurs caused by the crystal
rain growth. On the other hand, rutile phase TiO2 was formed at
00 ◦C. It is well accepted before that anatase/rutile heterojunction
acilitates photo-induced charge separation and high photoactivity

39]. However, this is not the case in our study as shown in Fig. 5
hat the SA removal efficiency is significantly lower with rutile TiO2
ormed. One reason could be ascribed to the decreased surface area
nd non-uniform structure with increasing annealing temperature.
Fig. 5. Effect of TiO2 NTs calcination temperature on SA degradation in PEC process
at  0.5 V with initial concentration of 20 ppm.

Therefore, in this regard, one can conclude that the photoactivity
is not only related with crystalline structure, but also closely asso-
ciated with the micro-morphology. In the following experiments,
6 �m long TiO2 NTs electrodes annealed at 500 ◦C were employed
to treat SA model pollutant.

3.3.2.2. Effect of external bias potential. Fig. 6 presents the SA
removal performance on TiO2 NTs electrodes at different polarizing
potentials. During 2 hour’s decomposition, the SA removal ratios
for 0.2 V, 0.5 V and 0.8 V are 94.02%, 98.52% and 99.43%, respec-
tively. The increased bias potential results in a slight enhancement
in SA degradation rates. As observed from Fig. 2a, the selected
external potentials are all positive to the photocurrent onset
potential (flatband potential of TiO2 NTs). Therefore, a band bend-
ing and associated potential gradient extends over the TiO2 NTs
nano-structures [40]. However, with the small dimension of TiO2
nanotube walls (around 15–18 nm), even if the whole nanotubes
become depleted, the maximum space charge layer width is around
7–9 nm in our case [29]. Hence, the charge separation at higher
voltage conditions is not remarkable, compared to the lower
voltage conditions. That explains the reason why little enhance-
ment in SA degradation rates is observed from 0.5 V to 0.8 V.
Fig. 6. Effect of bias potential on SA degradation in PEC process with initial concen-
tration at 20 ppm.
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ig. 7. (a) Comparison of time required for the same degradation efficiency at dif-
erent initial SA concentrations; and (b) effect of initial SA concentration on its
egradation kinetics in PEC process at 0.5 V.

.3.2.3. Effect of SA initial concentration and its decay kinetics in
EC process. Fig. 7 shows the SA degradation efficiency with dif-
erent initial concentrations, and their decay kinetics analyzed by
he Langmuir-Hinshelwood model which is often employed to
escribe photocatalytic kinetics [40,41]. Under specific conditions,
he Langmuir-Hinshelwood equation can be simplified into the first
rder equation shown below:

n
(

c0

c

)
= kt (1)

here c0 is initial concentration of SA; c is the SA concentration
t t moment; k is the apparent rate constant; and t is reaction
ime. Fig. 7a presents the degradation efficiency at various SA ini-
ial concentrations and it can be seen from the curves that the time
equired for reaching the same removal ratio follows the sequence
f t1 < t2 < t3. Using the above mentioned equation (1), we  plotted
n(c0/c) against t yielding the linear relationship curves shown in
ig. 7b. Evidently, in the SA concentration range we studied, the PEC
ecomposition of SA follows pseudo first order kinetics. The reac-
ion rate constants were obtained and displayed in the right corner
f Fig. 7b. The trend is that the first order rate constant decreases
s a function of SA initial concentration increases.

.3.2.4. Effect of solution pH. In wastewater treatment process,
olution pH is a crucial parameter influencing the removal of pol-

utants. Fig. 8 shows the PEC degradation profiles of SA in different
H environment at the applied potential of 0.5 V. Please note that
H 4.48 is the original pH value of the solution comprised of 20 ppm
A and 0.1 M Na2SO4. H2SO4 and NaOH (0.1 M)  were used to adjust
Fig. 8. (a) Effect of pH on SA degradation in PEC process at 0.5 V with initial concen-
tration of 20 ppm; and (b) fitted first order degradation kinetics under different pH
conditions.

the solution pH. Compared to the original solution, both acidic and
alkaline pH values enhance the degradation efficiency, especially
at pH 2.05 where 98.64% of SA is decontaminated in 90 min. Fig. 8b
gives further information on the SA degradation kinetics, where the
fastest decay kinetics achieved at pH 2.05, followed by pH 10.48,
and the slowest kinetics was  obtained at pH 4.48.

In order to interpret the pH effect on the SA degradation kinet-
ics, the electrochemical impedance spectroscopy was carried out.
As shown in Fig. 9, at the applied potential of 0.5 V, only one arc
is observed on the EIS plane display. Furthermore, the diameter of
the arc is the smallest in the acidic medium, while that becomes
larger in the alkaline medium. The diameter of the arc in the solu-
tion without pH adjustment is the largest. For electrode/electrolyte
interface, the equivalent circuit displayed in Fig. 9b is often applied,
where Rs represents the solution resistance, Rct represents charge
transfer resistance and Cdl is the double layer capacitance. Solution
resistance is often reflected in the high frequency domain, where
the experimental data is overlapped in our case. This suggests that
the solution resistance in different medium is more or less the same.
Besides, the external potential was kept constant among these tests,
so the double layer capacitance should remain unchanged. Conse-
quently, the only difference among these curves lies in the charge
transfer resistance. It is also reported in previous literatures that
the only arc turned up in the Nyquist plot is associated with the
charge transfer step [42]. So in this regard, it is analyzed that the
fast SA decay kinetics at pH 2 is associated with the more facile

charge transfer across the interface than in basic medium.

It is well accepted that the surface adsorption of the target reac-
tant is a prerequisite for heterogeneous reaction to occur. Previous
studies provide powerful evidences that salicylic acid with carboxyl
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Fig. 9. (a) Nyquist plot of TiO2 NTs electrodes recorded in 0.1 M Na2SO4 electrolyte,
and 0.1 M Na2SO4 electrolyte with 20 ppm SA at various pH conditions: bias potential
0
l
i

g
n
s
a
s
a
t
f
i
4
t
W
c
c
i
t
d

i
a
i
S
a
[
p
f
h
t
p
f
t

Fig. 10. (a) Comparison of SA degradation ratios under different situations; c0 is
initial concentration of SA; c is the SA concentration at t moment; (b) cyclic voltam-
.5  V, perturbation amplitude 10 mV,  frequency range 1000–1 Hz; and (b) equiva-
ent  circuit represented by solution resistance Rs, double layer capacitance Cdl and
nterfacial charge transfer resistance Rct.

roup is strongly chemisorbed onto TiO2, forming inner sphere tita-
ium (IV) salicylate surface complexes [43]. Still the affinity of SA to
urface titanium ions is remarkably affected by the solution pH. The
dsorption quantity of SA on TiO2 increases with decreasing pH and
aturates around 2.5. Besides, since the isoelectric point of TiO2 is
round 5–6 [30,40], at pH 2 the surface of TiO2 is positively charged,
he interaction between SA and TiO2 surface is even tighter. There-
ore, from the chemical point of view, the facile charge transfer
n acidic medium is understood. When the solution pH is around
.5, the SA adsorption quantity decreases and electrostatic interac-
ion becomes weaker, hence the charge transfer gets more difficult.

hereas in alkaline solution (pH 10), the TiO2 surface is negatively
harged and SA is somehow repelled from TiO2 surface. Under this
ircumstance, the direct charge transfer from TiO2 to SA becomes
mpossible. The coverage of –OH on TiO2 surface, however, facili-
ates the generation of •OH radicals which are responsible for SA
estruction.

Some researchers found out that the photoxidation rate of SA
s insensitive of solution pH, or in other words, independent of SA
dsorption quantity [43]. Surface reactive species, on the contrary,
s believed to be the great contributor to the overall reaction rate.
ince SA is chemisorbed onto TiO2, the Ti(IV)-salicylate complexes
re considered to be the chemical counterparts of surface states
44], so the attack of SA molecules can be achieved through two
athways: (1) hole capture by surface adsorbed hydroxyl groups
orming •OH radicals that initiate destruction process; (2) direct
ole injection to inner sphere salicylate complexes. When the solu-

ion pH is around 2, the degradation proceeds mainly through
athway (2), where chemisorbed salicylate as a deeper hole trap,
avors direct hole transfer reaction. On the other hand, at pH 10.48
he distribution of TiOH on TiO2 surface is greater than 80%, so PEC
metry scans of TiO2 NTs in 0.1 M Na2SO4 supporting electrolyte and 20 ppm SA
containing electrolyte at a scan rate of 50 mV/s; and (c) UV–vis absorbance changes
of  SA with time in the PEC process.

oxidation of SA is mainly via •OH attack. Both these two pH con-
ditions are favorable for the destruction of SA molecules, but the
acidic medium promotes faster degradation of salicylic acid.

3.3.3. Comparison of direct photolysis, PC, EC and PEC processes
For comparison, the SA decomposition (20 ppm without pH

adjustment) under the condition of direct photolysis, photocat-
alytic process and electrocatalytic process were also carried out
shown in Fig. 10. The TiO2 NTs annealed at 500 ◦C were served
as photocatalysts or working electrodes. In all cases except EC,
the irradiation intensity was kept the same and continuous, and

in EC and PEC processes a constant bias of 0.5 V was applied. As
observed from Fig. 10a, the electrocatalytic oxidation has nearly
no decontamination effect on salicylic acid. This is because TiO2
is n-type semiconductor, so that in the dark there are few holes
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hat can react with surface adsorbed –OH or water molecules to
orm •OH. Therefore, no efficient oxidizing agents are produced to
estruct SA. On the other hand, salicylic acid, being a very stable
romatic carboxylic acid, requires 28 electrons transferred to be
ully mineralized [45]. This means that a high energy barrier needs
o be conquered to achieve efficient removal of SA. At the present
lectrocatalytic conditions, 0.5 V is far from enough to provide ade-
uate energy to decompose SA. Fig. 10b compares the dark cyclic
oltammograms over TiO2 NTs electrodes in 0.1 M Na2SO4 sup-
orting electrolyte with and without 20 ppm SA. It is noticed that
he current density is increased in the SA containing electrolyte,
hich could be due to the strong chemisorption property of SA on

iO2 [45]. Compared to the EC process, the light irradiation plays a
ignificant role in decomposing SA, as indicated in Fig. 3a where
he photolysis of SA reaches 55.75% in 2 h. This might be asso-
iated with the sensitive properties of SA towards visible light.
he removal efficiency is further enhanced in the photocatalytic
reatment with 74.32% of SA being degraded. The best treatment
erformance is achieved in the PEC process where nearly 100% SA

s decomposed within 2 h. Fig. 10b provides further spectral evi-
ence that the characteristic peak of SA centered at 297 nm is totally
anished; furthermore, no new peaks are formed indicating the
ffective destruction of possible intermediates.

Through these control experiments, it is confirmed that pho-
oelectrocatalytic oxidation is an efficient and promising method
o decompose stable organic substances. The photoelectrocataly-
is is a synergetic approach which combines the photocatalysis to
roduce highly oxidative radicals and, on the other hand, electric
eld to separate charge carriers apart and promote the diffusion of
eactive species in the solution.

. Conclusions

In this work, highly ordered TiO2 NTs was prepared to inves-
igate the photoelectrocatalytic degradation of salicylic acid, one
f the representative PPCP chemicals. The prepared TiO2 NTs were
haracterized by SEM, XRD, electrochemical and photoelectroche-
ical techniques. Compared with photocatalysis, photolysis and

lectrocatalysis, PEC achieved the best performance which could
e ascribed to the synergetic effect of light irradiation and external
lectric field. The effect of TiO2 properties, bias potential, initial SA
oncentration and solution pH on PEC degradation of salicylic acid
as investigated. It was found that solution pH is a critical factor

nfluencing the degradation rates, with pH 2 as the best favorable
ondition, followed by pH 10 and subsequently pH 4.5 which is
lose to the isoelectric point of TiO2. Electrochemical impedance
pectroscopy was employed to account for such results from the
erspective of interfacial charge transfer resistance. Finally, it was
nalyzed that the PEC degradation of salicylic acid exhibits quasi-
rst order kinetics.
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