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The transformation intermediates of the polycyclic aromatic hydrocarbons (PAHs), including the

oxygenated PAHs in photoelectrocatalytic (PEC) processes has seldom been reported. In this study,

anthracene (Ant), a typical PAH, was selected as the target compound. The main transformation

intermediates including anthranone (AT) and anthraquinone (AQ) were analyzed in a PEC process using

TiO2 nanotubes (TNTs) as a photoanode with simulated solar light irradiation and a bias potential. AT and

AQ were demonstrated to be formed from Ant in the PEC process. However, the elimination of AT and

AQ was hardly observed when Ant was mostly eliminated. The PEC process efficiently enhanced the

elimination of Ant, as well as the total molar concentration of Ant, AT and AQ, compared with the

photocatalysis and electrochemical oxidation process. The PEC process achieved a best elimination

efficiency at 1.0 V bias and pH 2.0. The elimination efficiency decreased with the increase of the Ant

initial concentration. The effect of humic acid was explored. It was concluded that the cO2
� radical was

more effective than cOH for the transformation of Ant to AT and AQ. Furthermore, compared with the

UV light photocatalysis (PC), the PEC process could save much energy in the aspect of Ant elimination.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) and their trans-
formation intermediates (SPAHs) are ubiquitous in the water
environment. In the chemical treatment process, before they
are totally degraded, PAHs could be transformed to their
intermediates.1 Typical SPAHs have been detected in urban
rivers and wastewater treatment plants.2,3 Some of the SPAHs
are as toxic as or more toxic than their corresponding PAHs.
Therefore, the transformation intermediates should be taken
into consideration in studying the PAH elimination. During the
photocatalytic oxidation process of PAHs, oxygenated PAHs
(OPAHs) were the main intermediates.1,4,5

Photocatalysis is an attractive method for water purication
due to its low cost and non-addition of chemical reagents.4

Titanium dioxide (TiO2) has received much attention as an
effective material for photocatalysis. However, TiO2 could only
be excited by a light wavelength of less than 387.5 nm (UV light).
UV light is an energy consuming technique. Solar light could
emit 5% UV light. If the solar light combined with TiO2 could be
used for elimination of contaminants, energy might be
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effectively saved.6 In recent years, the photoelectrocatalytic
(PEC) process has been widely used, such as the splitting water
into hydrogen and oxygen.7 There were also studies on the
modication of the present electrode to improve the visible
light activity.8,9 The PEC process, applying a small positive
potential across the photocatalytic anode to enhance the sepa-
ration efficiency of photogenerated holes and electrons, has
been proved to be more efficient for the elimination of pollut-
ants than photocatalytic process.10–12 Meanwhile, the semi-
conductor electrode could overcome the separation problem of
catalyst particles from the treated water.4

The reaction process in the TiO2 PEC system was reported as
follows:13,14

Anode (working electrode):

TiO2 + hv / TiO2(ecb
� + hvb

+) (1)

TiO2(hvb
+) + H2O / TiO2 + H+ + cOH (2)

TiO2(hvb
+) + OH� / TiO2 + cOH (3)

TiO2(ecb
�) + O2 / TiO2 + cO2

� (4)

cO2
� + H+ / HO2c (5)

Cathode (counter electrode):

2H2O + 2e� / H2 + 2OH� (6)
This journal is © The Royal Society of Chemistry 2017
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One-dimensional highly ordered TiO2 nanotube (TNTs)
electrode has been considered as a promising photoanode for
solar energy conversion.15 Compared with the TiO2 lm elec-
trode, the TNTs electrode was more efficiency for the elimina-
tion of organic contaminants.16,17 The surface area of the highly
ordered TNTs was much larger than TiO2 lm or nanoparticles,
which was more efficient for electron transport.18 In our
previous study, TNTs have been electrochemically anodized on
the photoanode used for Cu-cyanides and Cu–EDTA degrada-
tion.19 PEC process with TNTs anode could also be used for
synergistically eliminating organic contaminants and heavy
metals.6 However, the transformation intermediates of the
target organic contaminants in the PEC process have little
reported.

In this study, anthracene (Ant) was selected as a target PAH
compound. The generation of its main transformation inter-
mediates, anthranone (AT) and anthraquinone (AQ) were
investigated in details. TNTs electrode with an application of
a bias potential under simulated solar light irradiation was used
for the elimination of Ant in water environment. The concen-
trations of AT and AQ were measured during the elimination of
Ant under different conditions. Additionally, the energy
consumption was compared with the technique of TiO2

combined with UV light.
2. Materials and methods
2.1 Materials

Chemicals used for TNTs electrode preparation, including
hydrouoric acid (HF), nitric acid (HNO3), ammonia sulfate
[(NH4)2SO4], ammonia uoride (NH4F), glycerol, acetone and
sodium sulfate (Na2SO4), were all analytical reagent grade and
purchased from Sinopharm Chemical Reagent Co., Ltd.
Chemicals used for Ant, AT and AQ detection, including hexane
(HEX), dichloromethane (DCM), methanol (MeOH) and aceto-
nitrile (ACN) were HPLC grade solvents and purchased from
Fisher Scientic (USA). Ant (200 mg mL�1 in MeOH), AT (solid,
analytical standard) and AQ (100 mg mL�1 in ACN) were ob-
tained from AccuStandard, Inc. (USA). Internal standards
including 2-uorobiphenyl (2-FB, in solid > 96%) and deca-
chlorobiphenyl (PCB209) were obtained from Aldrich Chemical
Co., Inc. (Gillingham, Dorset, UK). Analytical grade anhydrous
sodium sulfate (Tianjin, China) was baked at 450 �C for 5 h
before use. The preparation of the TNTs is detailed in Text S1.†
2.2 Photoelectrochemical experiment

The PEC degradation experiments were performed using three
electrodes system in a quartz reactor (70 � 70 � 60 mm3). The
reactor contained 200 mL sample solution. The three electrodes
included a working electrode (TNTs electrode with an active
area of 18 cm2), a counter electrode (titanium plate with the
same area) and a reference electrode (saturated calomel elec-
trode, SCE). The light source was provided by using a 150 W Xe
lamp (PLS-SXE300; Beijing Perfect Light Co., Ltd, China)
without cutoff lter. The power was provided by an electro-
chemical workstation (Shanghai Chen Hua CHI 660E, China).
This journal is © The Royal Society of Chemistry 2017
In comparison, the photocatalysis (PC), direct photolysis (DP)
and electrochemical oxidation (EO) experiments were carried
out in the same reactor as the PEC experiment. The PC experi-
ments were performed with the Xe lamp and the TNTs electrode
without the power. The DP experiments were performed only
with the Xe lamp, and without electrodes or power. The EO
experiment was performed with the TNTs electrode combined
with the counter and reference electrodes adding the power in
darkness.

A certain amount of Ant stock solution (200 mg L�1 in ACN)
was added in 200 mL of ultrapure water to prepare a reaction
solution. 1 mM Na2SO4 was used as the supporting electrolyte.
The solution was kept in dark to equilibrium before adding the
bias and light. 2 mL samples were collected at 0, 10, 20, 30 and
60 min and extracted by C18 cartridges (Supelco, USA) as soon
as possible.

C18 cartridges were activated with 5 mL DCM, 5 mL MeOH
and 5 mL ultrapure water successively before extraction. Then
the water samples passed through the cartridges at a rate of
10 mL min�1. Aer the extraction, the cartridges were vac-
uumed for 20 min. Then the cartridges were eluted with 10 mL
DCM and 5 mL HEX successively. The eluent passed through
anhydrous sodium sulfate to eliminate water. Finally, the eluent
was concentrated to 0.5 mL under nitrogen and the internal
standards were added.
2.3 Analytical method

Ant, AQ and AT were detected by gas chromatography-mass
spectrometry (GC-MS: 7890A GC-5975C MS, Agilent Technolo-
gies, USA) with a HP-5MS column (30 m � 0.25 mm � 0.25 m).
The injector and source temperatures were kept at 280 �C and
300 �C, respectively. The temperature program for Ant was as
follows: initial temperature at 80 �C (held for 1 min), increasing
to 200 �C at a rate of 20 �C min�1, and to 300 �C at a rate of
10 �C min�1 (held for 5 min).

The radicals during the reaction were measured using an
electron spin resonance (ESR) technique. The experiment was
conducted on a Bruker A300-10/12 (Germany) instrument using
DMPO as the trapping agent. The measurements were conducted
using Microwave Bridge (microwave frequency, 9.85 GHz;
modulation frequency, 100 kHz; microwave power, 22.8 mW;
modulation amplitude, 1 G).

The characterization method for the TNTs electrode is
detailed in Text S2.†
3. Results and discussion
3.1 Elimination of Ant and formation of AT and AQ in the
PEC process

The elimination efficiencies of Ant and the total molar
concentration of Ant aer oxidation and the formed interme-
diates AT and AQ (Ant + AT + AQ) during the PEC were compared
with the PC, DP and EO process (Fig. 1). The initial concentra-
tion of Ant was 125 mg L�1 in ultra-pure water at a constant bias
potential of 1.0 V and an initial pH value of 8.5. The pH was not
adjusted, and maintained at 8.5, possibly due to the weakly
RSC Adv., 2017, 7, 51678–51686 | 51679
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Fig. 1 Variation of Ant and SAnt + AT + AQ elimination efficiency, AT and AQ concentration in PEC, PC, DP and EO process. Conditions:C0(Ant)¼
125 mg L�1 in UPW; E ¼ 1.0 V; pH ¼ 8.5.
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alkaline of the ACN aqueous solution. The TiO2 nanotubes
characterization and photochemical performance are shown in
Text S3 and Fig. S1.†

The eliminations of Ant and Ant + AT + AQ almost achieved
a balance at 60 min. The nal elimination efficiencies of Ant
were 35%, 67%, 72% and 86% during the EO, DP, PC and PEC
process, respectively. The elimination process of Ant was tted
by the pseudo-rst order kinetics:

�d½PAH�
dt

¼ k½PAH�0ln
½PAH�
½PAH0� ¼ �k � t

where k is the reaction rate constant, [PAH0] is the initial
concentration of Ant and [PAH] is the concentration of Ant at
a certain time. The k values and the correlation efficiencies (r2)
were computed and listed in Table 1. Generally speaking, the
elimination of Ant tted well with the pseudo-rst order
kinetics, but Ant + At + AQ did not t well. K of Ant also followed
the same order as the nal elimination efficiency, EO
(0.0077 min�1) < DP (0.0212 min�1) < PC (0.0249 min�1) < PEC
(0.0433 min�1) (Table 1). The results showed that the PEC
process was more efficient than the EO, DP and PC process for
the elimination of Ant, indicating a PEC synergistic effect
during the process. The positive bias applied was greater than
the at-band potential of the TiO2 electrode, resulting in the
enhancement of the degradation.14

Regarding Ant + AT + AQ, the nal elimination efficiencies
were 28%, 22%, 22% and 54% during the EO, DP, PC and PEC
process, respectively. During the EO process, the concentrations
of AT and AQ were much lower than those during the DP, PC
and PEC process. Therefore, though the elimination efficiency
of Ant in the DP and PC process was higher than that in the EO
process, the elimination efficiency of Ant + AT + AQ in the DP
51680 | RSC Adv., 2017, 7, 51678–51686
and PC process was only a little higher than that in the EO
process. Additionally, the elimination of AT and AQ in all the
processes could not be observed within the 60 min. Therefore,
the transformation intermediates should be considered besides
the target compound itself. The concentrations of AT and AQ
were moderate in the PEC process, possibly because the AT and
AQ were more easily eliminated in the PEC process than the
other process. For another reason, Ant might transform to other
intermediates. As a result, from the aspect of transformation
intermediates, PEC was also more efficient than PC, DP and EO
process.
3.2 Factors inuencing the elimination of Ant and
formation of AT and AQ by PEC

3.2.1 Bias potential effect. The eliminations of Ant were
performed under different bias potentials, ranging from 0 to
2.0 V (Fig. 2). The initial concentration of Ant was 125 mg L�1 in
ultra-pure water at an initial pH of 8.5. The nal elimination
efficiencies of Ant in 60min were the highest at 1.0 V (86%) than
other bias potential conditions (72–81%). The reaction rate
constant k of Ant was also the highest at 1.0 V (0.0433 min�1).
While under other bias conditions, the k values were a little
lower, ranging from 0.0236 to 0.0351 min�1 (Table 1). Similar
result was obtained in the PEC (TiO2 electrode) degradation of
4-chlorophenol.17 The increasing elimination efficiencies of Ant
from 0 to 1.0 V were probably because the enhanced bias would
decrease the recombination of the photogenerated holes and
electrons.20 Due to the certain thickness of TNTs, the number of
photogenerated electrons would be limited by the xed light
intensity. Therefore, at a certain bias value, the elimination
efficiency in the PEC process would not improve. Furthermore,
the elimination efficiency gradually decreased when the bias
This journal is © The Royal Society of Chemistry 2017
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Table 1 Elimination efficiency of Ant and SAnt + AT + AQ under varies conditionsa

a E: bias potential, C0: initial concentration, k: reaction constant, r2: correlation coefficient, E: elimination efficiency.
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was greater than 1.0 V. The concentrations of the formed AT,
especially AQ increased with the increasing of the bias potential
as shown in Fig. 2. Thus, the elimination of the formed inter-
mediates, including AT and AQ, might compete with Ant in the
PEC process, resulting to a decreasing elimination efficiencies
of Ant from 1.0 to 2.0 V.21
This journal is © The Royal Society of Chemistry 2017
Regarding Ant + AT + AQ, the highest elimination efficiency
(54%) and k value (0.014 min�1) were also obtained at 1.0 V.
Similarly, the elimination efficiencies increased from 0 to 1.0 V,
and decreased from 1.0 to 2.0 V. The mechanism was probably
the same as indicated above.

3.2.2 pH effect. The inuence of pH was investigated. The
initial concentration of Ant was 125 mg L�1 in ultra-pure water at
RSC Adv., 2017, 7, 51678–51686 | 51681
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Fig. 2 Variation of Ant andSAnt + AT + AQelimination efficiency, AT and AQ concentration at different bias potentials. Conditions:C0(Ant)¼ 125 mg L�1

in UPW; pH ¼ 8.5.

Fig. 3 Variation of Ant and SAnt + AT + AQ elimination efficiency, AT and AQ concentration at different pH values. Conditions:C0(Ant)¼ 125 mg L�1 in
UPW; E ¼ 1.0 V.
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a constant bias potential of 1.0 V. The elimination efficiency and
rate of Ant were the highest at pH 2.0, and decreased with the
pH increased up to 6.0 (E ¼ 98–92%, k ¼ 0.2097–0.0508 min�1)
(Fig. 3 and Table 1). The elimination efficiency was 98% at
30 min at pH 2.0. At pH values ranging from 6.0 to 12.0, the
elimination efficiencies and the rate constants did not vary
much (E¼ 86–90%, k¼ 0.0433–0.0497 min�1). The point of zero
charge value (pHpzc) is the pH value at which the positive charge
51682 | RSC Adv., 2017, 7, 51678–51686
number equals to the negative charge number on the surface
site. According to the literatures, the pHpzc of anatase TiO2 is
around 6.22–24 The reactions when pH < pHpzc and pH > pHpzc are
listed as follows:12,25,26

TiOH + H+ 4 TiOH2
+ (pH < pHpzc)

TiOH + OH� 4 TiO� + H2O (pH > pHpzc)
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Variation of Ant and SAnt + AT + AQ elimination efficiency, AT and AQ concentration at different Ant initial concentrations. Conditions:
E ¼ 1.0 V; pH ¼ 2.0.

Fig. 5 Influence of humic acid on the elimination of Ant. Conditions:
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Thus, the charge on the surface is positive at pH less than
6.0, and negative at pH higher than 6.0. Similar result was ob-
tained in the removal of humic acid, 4-chlorocatechol and
pentachlorophenol.22,23,27 PEC could be inuenced by pH in
many ways, including (1) the variation of TiO2 at-band
potential; (2) the changes of adsorption ability of the
compounds on the TiO2 surface; (3) the competition of water or
OH� oxidation with other reactants able to form powerful
oxidants under light irradiation.24,28 In this study, the reason for
the higher elimination efficiency of Ant at a lower pH value
might be related to the adsorption ability of the TiO2 surface.
Ant containing the rich electron group was prone to combine
with H+ and TiOH2

+ through the electrophilic reaction.
It could be noticed that the concentrations of AT and AQ at

pH 2.0 increased in the initial 10 min, higher than those at pH
8.5, then decreased from 10 to 60 min, and nally similar to
those at pH 8.5. As a result, the elimination efficiency of Ant +
AT + AQ at pH 2.0 (E ¼ 63%) was a little higher compared with
that at pH 8.5 and pH 12.0 (E ¼ 48%). The result showed that in
the acidic condition, the formation of AT and AQ was much
easier than in the neutral and alkaline condition. The reactivity
of position 9 and 10 of Ant was the highest due to the highest
electron cloud density compared with other positions. There-
fore, more AT and AQ will be formed during the reaction.
Additionally, the elimination of AT and AQ at pH 2.0 was also
much easier. The carbonyl could be nucleophilic addition
reacted with H+ in the acid condition, resulting to an easier
elimination of AT and AQ.

3.2.3 Initial concentration effect. Due to that the elimina-
tion efficiencies were the highest at pH 2.0, the inuence of the
initial concentrations was performed at pH 2.0 and a bias
potential 1.0 V. The elimination rate (k ranged from 0.3516 to
This journal is © The Royal Society of Chemistry 2017
0.0869 min�1) of Ant decreased as the increasing of the initial
concentration (C0 ranged from 25 to 500 mg L�1) (Fig. 4 and
Table 1). The nial elimination efficiencies were 97–99% at the
initial concentration from 25 to 500 mg L�1. Similar result was
obtained in previous studies, probably because the concentra-
tion increased in the solution, the available active sites on the
surface of the electrode were competitive by Ant and the
transformation intermediates.14

The elimination efficiencies of Ant + AT + AQ were also lower
with a higher initial Ant concentration. The formation concen-
trations of AT and AQ increased with the increasing initial
concentration of Ant. The Ant + AT + AQ did not vary much in the
initial 10min at the initial concentration of 250 mg L�1, and in the
initial 20 min at the initial concentration of 500 mg L�1. Corre-
spondingly, at the initial concentrations of 250 mg L�1 and
500 mg L�1, the concentrations of AT and AQ increased rstly and
then decreased. The elimination of AT and AQ might be inu-
enced by the photolysis process, during which the compounds
C0(Ant) ¼ 125 mg L�1 in UPW; E ¼ 1.0 V; pH ¼ 8.5.

RSC Adv., 2017, 7, 51678–51686 | 51683
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Fig. 6 Comparison of ESR at 0, 10, 30 min in PEC system.
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with higher concentrations probably absorb more light, result-
ing to an easier conversion.29

3.2.4 Humic acid effect. Humic acid is prevalent in the
water environment. The co-existence of the humic acid with the
target contaminants might inuence the elimination of the
contaminants.5 We compared the contact times of humic acid
and Ant with different humic acid concentrations, which was
calculated based on the carbon concentrations (mg C/L) (Fig. 5).
The elimination efficiency of Ant with 24 mg C/L humic acid
contacted 0 h before experiment was relatively similar to Ant
without humic acid (90% and 86%, respectively). The elimina-
tion efficiency of Ant with 12, 24 and 48 mg C/L humic acid
contacted 24 h before experiment was also similar (73%, 70%
and 77%, respectively). The results indicated that the concen-
tration of humic acid did not signicantly inuence the elimi-
nation of Ant. Therefore, the degradation of humic acid did not
compete with Ant in the PEC elimination process. Besides, the
solar screening by humic acid did not affect the elimination of
Ant. Furthermore, it was reported that the reactive oxygen
species might be formed through the solar irradiation of humic
Fig. 7 Effect of different quenchers to the elimination of Ant and SAnt

51684 | RSC Adv., 2017, 7, 51678–51686
acid.30 However, the result in this study did not show the effect
of the reactive oxygen species.

The elimination efficiencies of Ant contacted with the same
concentration of humic acid for the different time (0 and 24 h)
before experiment were different. The elimination efficiency of
Ant contacted with 24 mg C/L humic acid for 24 h (70%) was
lower than 0 h (90%). As a result, Ant was probably combined
with the humic acid. The elimination of Ant would be inu-
enced by the degradation of the humic acid. Therefore, the
elimination efficiency of Ant reduced when being contacted
with humic acid for 24 h.

A real water sample was used to determine the inuence of
DOM on the elimination of Ant. Secondary effluent from
a municipal wastewater treatment plant (QH) was spiked with
Ant for 24 h. The concentration of TOC was 7.6 mg L�1. Though
the TOC was lower than humic acid added in this study, the
existence of DOM in real water could also decrease the elimi-
nation efficiency of Ant as the humic acid (73%). However, the
elimination rate was different from the humic acid, possibly
indicating a different composition of DOM to humic acid.

3.3 Oxidation mechanism

ESR technique was used for the identication of free radical
related to the elimination of Ant. As shown in Fig. 6, cO2

� signal
was signicant at 10 min, but weak at 0 and 30 min. cOH signal
increased from 0 to 30 min. The result indicated that both the
cO2

� and cOH were generated in the PEC system. The elimina-
tion rate of Ant increased in the initial 15 min and decreased
from 15 min to 60 min, suggesting that cO2

� might be more
effective than cOH for the elimination of Ant.

To further investigate the effect of cO2
� and cOH on the

elimination of Ant, different quenchers were added to the
system (Fig. 7). The elimination efficiency of Ant signicantly
decreased aer benzoquinone (BQ) was added, which was the
+ AT + AQ, and the formation of AT and AQ.

This journal is © The Royal Society of Chemistry 2017
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quencher of cO2
�, indicating again that cO2

� was the effective
radical for the elimination of Ant. The adding of tert-butyl
alcohol (BuOH) and EDTA–2Na, the quencher of cOH and
photogenerated holes respectively, was slightly reduce the
elimination of Ant.

It was also noticed that AT and AQ were nearly not detected
when BQ was added, indicating that cO2

� was the effective
radical transform Ant to AT and AQ. This result was consistent
with a previous study that Ant was rstly transformed to AT and
AQ (Fig. S2†).5 The concentrations of AT were similar when
BuOH and EDTA–2Na were used to the non-using of the
quenchers. The concentration of AQ was a little lower when
BuOH was added, indicating that cOH was also effective for the
transformation of Ant to AQ. However, the concentration of AQ
was higher when EDTA–2Na was added, suggesting that the
absence of photogenerated holes might facilitate the generation
of AQ. Therefore, the photogenerated holes might prevent the
formation of AQ.
3.4 Estimation of energy consumption

In order to gure out the energy saving using the electricity
combined with solar light irradiation to eliminate a typical PAH,
the energy consumption for treating 200 mL water containing
125 mg L�1 Ant was calculated in the PEC with solar light and PC
with UV light system. In the PEC-solar system of this study, the
optimal bias was 1.0 V. The corresponding current ranged from
2.8 to 3.1 mA, and an average of 3.0 mA was used for estimation.
The reaction time was 60 min. Thus, the power consumption
was 3.0 � 10�6 kW h. The energy consumption of the Xe lamp
was not added because this energy could be compensated when
using the real solar energy. In the PC-UV system in our previous
study,31 the power of the UV light was 15 W. The reaction time
was 10 min. Thus, the power consumption was 2.5� 10�3 kW h.
Therefore, the PEC-solar system could save much energy
compared to the PC-UV system on the aspect of Ant elimination.
4. Conclusions

The transformation intermediates of Ant including AT and AQ
were detected during the PEC process. The eliminations of Ant
and Ant + AT + AQ were enhanced by PEC compared with the
DP, PC and EO process. However, the eliminations of AT and AQ
were hardly observed in 60 min. Therefore, transformation
intermediates should be considered during the elimination
process of organic contaminants. The best elimination effi-
ciencies of Ant and Ant + AT + AQ were achieved at a bias
potential of 1.0 V. The elimination efficiency of Ant was higher
in acid solution than that in the neutral and alkaline solution.
The elimination efficiencies of Ant and Ant + AT + AQ increased
with the decreasing of the Ant initial concentration. The contact
time of humic acid and Ant was greatly inuence the elimina-
tion of Ant rather than the concentration of humic acid. The
active species cOH and especially cO2

� were mainly responsible
for the elimination of Ant. Furthermore, based on the estima-
tion of the energy consumption, TiO2 nanotube with solar light
This journal is © The Royal Society of Chemistry 2017
irradiation and a bias potential could save much energy
compared with the UV light on the aspect of Ant elimination.
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