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1 Introduction

In recent decades, sulfate radical-advanced oxidation
processes (SR-AOPs) have received attention in environ-
mental remediation. Compared with hydroxyl radical (E0 =

2.8 V), the sulfate radical (SO4•
–) has close or even higher

redox potential of 2.5–3.1 V (vs. NHE) (Ghanbari and
Moradi, 2017). Moreover, sulfate radical has higher
selectivity, a longer half-life (30–40 ms) and could be
active in a wider reaction pH range (pH = 2–8) than •OH
(Yang et al., 2008; Zhao et al., 2017). Generally, the
peroxymonosulfate (PMS) can be activated by several
methods, such as transition metal ions, homogeneous
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H I G H L I G H T S

•CNT-TiO2 composite is used to activate PMS
under UV-light assistance.

• Superior performance is due to the enhanced
electron-transfer ability of CNT.

• SO4•
–, •OH and 1O2 play key roles in the

degradation of organic pollutants.
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G R A P H I C A B S T R A C T

A B S T R A C T

In this work, a UV-light assisted peroxymonosulfate (PMS) activation system was constructed with the
composite catalyst of multi-walled carbon nanotubes (CNT) - titanium dioxide (TiO2). Under the UV
light irradiation, the photoinduced electrons generated from TiO2 could be continuously transferred to
CNT for the activation of PMS to improve the catalytic performance of organic pollutant degradation.
Meanwhile, the separation of photoinduced electron-hole pairs could enhance the photocatalysis
efficiency. The electron spin resonance spectroscopy (EPR) and quenching experiments confirmed the
generation of sulfate radical (SO4•

–), hydroxyl radical (•OH) and singlet oxygen (1O2) in the UV/PMS/
20%CNT-TiO2 system. Almost 100% phenol degradation was observed within 20 min UV-light
irradiation. The kinetic reaction rate constant of the UV/PMS/20%CNT-TiO2 system (0.18 min–1) was
23.7 times higher than that of the PMS/Co3O4 system (0.0076 min–1). This higher catalytic
performance was ascribed to the introduction of photoinduced electrons, which could enhance the
activation of PMS by the transfer of electrons in the UV/PMS/CNT-TiO2 system.
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transition metal composites, UVand carbonaceous catalyst
(Anipsitakis and Dionysiou, 2003; Liang et al., 2012;
Lei et al., 2015; Ren et al., 2015). The transition metal
catalysts can effectively activate PMS, but there is a risk of
inevitable metal leaching, which could cause pollution to
the waters again (Zhang et al., 2018). As the non-metal
catalyst, carbonaceous catalysts have attracted great
interests in the field of PMS activation because of its
several attractive features, such as metal-free nature, larger
specific surface area, and tunable physicochemical proper-
ties (Duan et al., 2015a, 2015b; Wang et al., 2017). In
particular, the electron-transfer ability of carbon-based
catalysts played an important role in the PMS activation
(Duan et al., 2015a, 2016). The researchers have confirmed
that CNTs could activate persulfates via nonradical
mechanisms that the charges transfer from phenol
(e– donor) to PMS (e– acceptor) via CNT(e– mediator)
(Lee et al., 2015). However, the activation efficiency of
current carbon materials need to be improved. Recently,
various methods have been employed to improve the
electron-transfer ability of carbonaceous catalysts by
changing the electron distribution of catalysts. Doping
with heteroatoms, such as S (Guo et al., 2018), N (Guo
et al., 2019), and Co/N (Wang et al., 2019), has been found
to be an efficient method to improve the electron-transfer
ability.
Despite the above progress, more efficient methods are

desired to enhance the catalytic degradation performance.
The photoactivation of PMS via ultraviolet (UV)-light has
advantages of clean and mild reaction conditions, but it
suffered from the low activation efficiency. When the
photocatalysts were applied directly or as supports for
transition metals or metallic oxides, such as ZnO (Shukla
et al., 2010), Co-TiO2 (Chen et al., 2014) and TiO2@Cu-
Fe2O4 (Golshan et al., 2018), the activation efficiency of
PMS increased obviously in the UV/PMS system. TiO2 is a
non-toxic classical photocatalyst with excellent stability,
and was investigated widely in water treatment (Wang et
al., 2010; Verma et al., 2016). In the photocatalytic
process, when the semiconductors are irradiated by the
photons with energy equal to or higher than the band gap
energy, the electrons in the valence band will be promoted
to the conduction band (Taha et al., 2016; Matafonova and
Batoev, 2018). The photoinduced electrons and holes are
involved in redox reaction processes.
Inspired by photoinduced electrons, it could be

speculated that when the carbon-based PMS activation is
integrated with photoactivation of PMS, the photoinduced
electrons could be able to intensify the charge transfer for
the carbon-based PMS activation. The separation effi-
ciency of electron-hole pairs could be improved. There-
fore, the CNT was chosen due to its unique characteristics
which are beneficial to persulfate and peroxymonosulfate
activation, such as the network of sp2 covalent carbon,
defective sites, and oxygen functional groups (e.g.,
- COOH, - C = O, and - OH) (Wang and Wang, 2018).

In this study, the UV-light assisted system for the
activation of PMS was constructed with CNT-TiO2

composite prepared by a hydration/dehydration method.
Several refractory pollutants including phenol, atrazine
(ATZ), sulphamethoxazole (SMZ), and bisphenol A (BPA)
were chosen to evaluate the catalytic performance of the
UV/PMS/CNT-TiO2 system. The reactive species gener-
ated during the reaction were analyzed by the EPR
technique. The catalytic mechanism of PMS activation in
the UV/PMS/ CNT-TiO2 system has also explored.

2 Materials and methods

2.1 Materials

Tetra-n-butyl titanate was purchased from Shanghai
Kefeng Chemical Reagent Co., Ltd (China) and ethanol
absolute was from Tianjin Dongliqu Tianda Chemical
Reagent factory (China). The peroxymonosulfate (Oxone:
2KHSO5$KHSO4$K2SO4, PMS) was purchased from
Aladdin Industrial Corporation (China). Multi-walls car-
bon nanotubes (purity:>97%, main range of diameter: 20–
40 nm, length: 5 mm, special surface area: 80–140 m2/g)
purchased from Shenzhen Nanotech Port Co., Ltd (China).
All chemicals were analytical grade and the resistivity of
ultrapure water was 18 MW$cm in this work.

2.1.1 Preparation of acidified CNT

One g CNT was added to 40 mL of a 3:1 mixture of
concentrated sulfuric acid (98 wt.%) and nitric acid
(63 wt.%) in a round-bottomed flask and was heated at
80°C for 0.5 h. The acidified CNTs were washed with
ultrapure water until achieving a neutral pH and dried at
80°C in the oven.

2.1.2 Preparation of TiO2

The TiO2 was prepared via the sol-gel synthesis method
(Cao et al., 2010). One g tetra-n-butyl titanate was gently
added in 60 mL ethanol solution under vigorously stirring
for 30 min at room temperature. Then 1.0 mL ultrapure
water was added dropwise into it. The mixture turned into
the white floccule liquid after stirring for 2 h. The liquid
was washed three times with ethanol and dried in the oven
at 80°C. The white powder was converted into anatase in
the air at 400°C for 2 h with the heating rate of 2.0°C/min.

2.1.3 Preparation of CNT-TiO2 composite

The CNT-TiO2 composites were prepared via a hydration/
dehydration approach (Yao et al., 2008). The appropriate
amount of CNTwas added in ultrapure water. After 10 min
ultrasonic dispersion, the desired amount of TiO2 powder
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was added into the CNT suspension. The mixture was
dispersed under ultrasonication for 10 min and heated at
80°C with stirring until all water evaporated. Then the
composite powders of CNT-TiO2 were obtained.

2.2 Methods

2.2.1 Characterizations of catalysts

The morphology of composite catalyst was observed by
scanning electron microscopes (FE-SEM, S-4800, Hitachi,
Japan). The crystal structure of catalysts was characterized
using X-ray diffraction (XRD, Smartlab 9, Rigaku, Japan)
with Cu Kα radiation (voltage 45 kV, current 200 mA). The
specific surface areas and pore size distributions were
analyzed with a Quantasorb surface area analyzer (Quad-
rasorb–SI-1 Quantachrome Corp., USA). The UV/Vis
spectrophotometer (V-550, JASCO, Japan) was used to
record the diffuse reflectance spectroscopy of the catalysts.
The photoluminescence (PL) analysis was carried out with
Fluorescence spectrophotometer (FL4500, Hitachi, Japan).
Electrochemical impedance spectroscopy (EIS) test was
performed to explore electron transfer resistance where
occurred at different interfaces of UV/PMS/CNT-TiO2

system with an electrochemical workstation (CHI660D,
Shanghai Chenhua Ltd., China) in a traditional system with
the CNT-TiO2 composite as working electrode, platinum
sheet as counter electrode, and saturated calomel electrode
(SCE) as reference electrode.

2.2.2 Experimental procedures and analytical methods

The experiment was carried out in the 100 mL beaker with
magnetically stirring under the Xenon lamp (UV/Vis light,
300 W, Perfect Light Ltd., China) at 30°C. The surface
irradiance is 900 mW/cm2 measured by irradiation meter
(FZ-A, Beijing Normal University, China). The scheme of
the reaction device was shown in Fig. 1. The UV-light,
power, reactor, stirrer and cooling-system are all placed in
the opaque reaction box. First, 0.5 g/L CNT-TiO2

composite was dispersed in 50 mL phenol solution
(10 mg/L). After 30 min adsorption/desorption equilibrium
process, the lamp was turned on immediately and the
specific amount of PMS was added. At this moment, the
reaction started. At the certain time, the 1.0 mL sample was
taken from the solution and was filtered with 0.22 mm
membrane filter. Meanwhile, the 0.1 mL methanol for
quenching radicals remained was mixed with the sample.
The effects of different content of the CNT in composite,
initial pH, composite catalysts dosage and the molar ratio
of phenol/PMS were investigated. The catalytic perfor-
mance of the UV/PMS/CNT-TiO2 system was evaluated
by the degradation of phenol and other organic com-
pounds, including atrazine (ATZ), sulphamethoxazole
(SMZ), and bisphenol A (BPA).

The concentrations of phenol were measured by the high
performance liquid chromatography (HPLC, Waters 2695,
USA) with the C18 column at its maximum absorption
wavelength of 271 nm. The mobile phase was methanol/
water mixture (70:30, v/v) at the flow rate of 1.0 mL/min.
The radicals generated during the reaction were detected
by EPR spectrometer (Bruker A200, Germany) with the
spin-trapping agent of 5,5-dimethyl-pyrroline N-oxide
(DMPO) and 2,2,6,6-tetramethyl-4-piperidinol (TMP).
The DMPO/TMP was prepared with ultrapure water at a
concentration of 50 mmol/L. The conditions of EPR
experiment were as follows: microwave frequency,
9.52 GHz; modulation frequency, 100 kHz; center field,
3385 G; sweep width, 200 G and power of 2.01 mW.

3 Results and discussion

3.1 Characterization of CNT-TiO2

As shown in Figs. 2 (a) and 2(b), the acidified CNTs
illustrated a network of continuous fibers and the TiO2

presented in oval or round shapes. For the CNT-TiO2

Fig. 1 The scheme of the reaction device.

Fig. 2 The surface morphology images of CNT (a), TiO2 (b) and
20% CNT-TiO2 composite catalysts (c) with its details (d).
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composite with 20% content of CNT,CNT bundles are well
dispersed and interwoven among TiO2 particles as shown
in Figs. 2(c) and 2(d). Eventually, the composite can form a
good network with CNT fibers and TiO2 particles for
enhancing the transfer of electrons.
As shown in Table 1, the specific surface area of pure

TiO2, CNT and CNT-TiO2 composites with different CNT
content was in the range of 78–96 m2/g. The variation of
specific surface area had little influence on the adsorption
and desorption equilibrium, with about 10% of phenol
adsorbed within 30 min.

The pore-size distributions of composites were analyzed
by Barrett-Joyner-Halenda (BJH) method. The pores
approximately distributed in the mesoporous range of 2–
8 nm (Fig. 3). The mesoporous structure of composites
may facilitate the mass transferring during catalytic
reaction (Hu et al., 2011).

The UV-Vis spectra and X-ray diffraction patterns of the
TiO2, CNT and composites of different CNT content were
shown in Fig. 4. The wavelength range of UV-light was set
at 200–800 nm to observe the light absorption properties of
the TiO2, CNTand CNT-TiO2 composites of different CNT

content. As shown in Fig. 4(a), the TiO2 alone could be
excited evidently by the UV-light (< 380 nm) while the
CNT showed a light absorption in the full light region
owing to its black nature. For the composites, the
absorption peaks exhibited obvious red-shift slightly. The
enhanced light absorption could be attributed to the
combination of TiO2 and CNT.
The X-ray diffraction patterns of TiO2, CNT and

composites of different CNT content were shown in
Fig. 4(b). The characteristic diffraction peaks of CNT
located at around 26° and 43o, which could be assigned to
carbon (002) and (100) diffractions (Yu et al., 2007).
According to PDF-#21.1272, the broad peaks of prepared
TiO2 located at around 25°, 38°, 48°, 54°, 55o and 63°,
corresponding to the anatase type TiO2. For the composites
with different CNT content, their characteristic peaks were
the same as those of the pure TiO2, meaning the crystal
structure of TiO2 was not affected by the addition of CNT.
Nevertheless, the peaks of CNT were not observed, which
is probably attributed to two aspects. One is the small
amount of CNT content; another one is the main
characteristic peak of CNT at 26° may be overlapped by
the peak at 25° of anatase TiO2. The results were similar
with others’ researches (Zhang et al., 2010; Zhang et al.,
2011; Yang et al., 2013).

3.2 Catalytic performance of UV/PMS/CNT-TiO2

The catalytic performance of the UV/PMS/20%CNT-TiO2

system was investigated by the degradation of phenol.
Figure 5(a) showed that nearly 10% of phenol was
removed within 30 min of adsorption on composite
catalysts. For UV/PMS and PMS/20%CNT-TiO2 system,
the phenol removal was 37.5% and 13.1% during 60 min,
respectively, which attributed to the oxidation by sulfate
and hydroxyl radical generated or via nonradical pathway.
It is noteworthy that almost 100% of phenol was degraded
within 20 min in the UV/PMS/20%CNT-TiO2 system. The
reaction kinetic rate constant was 0.18 min–1, which was
2.6 times that of the UV/PMS/TiO2 system (0.068 min–1)
(Fig. 5(b)). After 60 min of reaction, the PMS/Co3O4

system could remove only 42.3% of phenol with rate
constant of 0.0076 min–1, which is much lower than that of
the UV/PMS/20%CNT-TiO2 system. For comparison, the
results of some experiments were shown in Fig. 6.
Moreover, Fig. 7 showed the good performance of the

UV/PMS/20%CNT-TiO2 system for the degradation of
other refractory pollutants, such as ATZ, SMZ, and BPA.
ATZ and SMZ were almost completely removed within 40
min. The degradation of SMZ was more efficient than that
of phenol in the UV/PMS/20%CNT-TiO2 system.
Although the BPA removal was 90% in 40 min, 40% of
BPA was removed by adsorption before the catalytic
degradation. The different degradation trends may be due
to the different selectivity of radicals for different
pollutants.

Table 1 Specific surface properties and pore volume of TiO2, CNT and

composites

CNT content in CNT-TiO2 composite (wt. %) SBET (m2/g) V (cm3/g)

0 84.391 0.249

5 78.741 0.224

10 81.584 0.229

20 95.905 0.253

30 89.347 0.236

40 96.255 0.243

100 85.949 0.218

Fig. 3 The pore distribution of the catalysts which based on their
nitrogen desorption curves.
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3.3 Effects of reaction parameters on the performance UV/
PMS/CNT-TiO2 system

The effect of several key parameters was investigated on
the catalytic performance of UV/PMS/CNT-TiO2 system,
including different doping amounts of CNT in composite,
initial pH, composite catalyst dosage and the molar ratio of
phenol/PMS.
The influence of different CNT content in composite for

the phenol degradation was shown in Fig. 8(a). With the
increase of CNT content in composites from 5% to 20%,
the degradation efficiency of phenol increased gradually.
The phenol degradation followed the pseudo-first-order
kinetic. In particular, the rate constant increased from
0.066 min–1 at 5% doping amount of CNT to 0.18 min–1 at
20% doping amount of CNT. The proper doping amount of
CNT in composite could enhance the separation efficiency

of electron-hole pairs to increase the electrons in the PMS
activation by the transferring from TiO2 to PMS. However,
when the CNT content further increased to 40%, the rate
constant of phenol degradation decreased to 0.041 min–1 in
the UV/PMS/CNT-TiO2 system. This phenomenon maybe
ascribed to the cover of surface of TiO2 by excess CNT in
composite, which would hinder the absorption of UV light
and reduce the efficiency of phenol degradation. Thus,
20% doping amount of CNT in the composite was optimal
content for efficient degradation of phenol in the UV/PMS/
CNT-TiO2 system.
As shown in Fig. 8(b), the UV/PMS/CNT-TiO2 system

can effectively remove phenol at the initial pH range from
3.19 to 9.13. It is noted that the phenol was almost
completely removed in 20 min at initial pH of 6.98, which
was similar to the phenol removal at initial pH of 5.02 and
initial pH of 9.13. Moreover, at initial pH of 3.19, the

Fig. 4 The UV-Vis spectra (a) and the X-ray diffraction pattern (b) of the TiO2, CNT and CNT-TiO2 composites of different CNT content.

Fig. 5 The phenol removal (a) and kinetic rates of phenol degradation (b) in various reaction systems. ([phenol] = 10 mg/L, [catalyst] =
0.5 g/L, the molar ratio of phenol/PMS = 1:16, initial pH = 6.98, t = 30°C).
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phenol removal was slightly higher and the phenol was
degraded within 15 min reaction time. The results
suggested that the initial pH had little effect on the
degradation efficiency of the pollutants in the UV/PMS/
CNT-TiO2 system, which was consistent with Dikdim’s
work (Dikdim et al., 2019).
Figure 8(c) showed the effect of catalyst dosage for

phenol degradation. When the 20%CNT-TiO2 dosage was
0.1 g/L, the removal efficiency of phenol was about 90%
within 60 min. With the increase of catalyst dosage (0.3,
0.5 or 0.7 g/L), the phenol could be removed totally in 30
min. However, when the composite dosage increased to
0.7 g/L, the removal efficiency of phenol decreased
slightly in 20 min, which suggested the excessive dosage
was unfavorable for the light absorption, which lower the
catalytic performance of the system.

The molar ratio of phenol/PMS also plays an important
role in the degradation of phenol. As shown in Fig. 8(d),
the rate constant of the phenol degradation increased from
0.062 min–1 at the molar ratio of 1:4 (phenol/PMS) to 0.082
min–1 at the molar ratio of 1:8 (phenol/PMS). At the molar
ratio of 1:16 (phenol/PMS), the rate constant of phenol
degradation was 0.18 min–1, being 2.17 times that of the
molar ratio of 1:8 (phenol/PMS). However, the rate
constant of the phenol degradation decreased slightly to
0.15 min–1 at the molar ratio of 1:32 (phenol/PMS). This
phenomenon may be explained by following equations.
The Eqs. (1)–(3) (Duan et al., 2016; Khan et al., 2017;
Wang et al., 2017) reveal the excess PMS may react with
sulfate radicals and hydroxyl radicals to decrease the
oxidative ability of the UV/PMS/CNT-TiO2 system.
Furthermore, the SO5•

– with lower oxidative potential
(E0 = 1.1 V) which is activated by HSO5

– and SO5
2 – will

be quenched by SO4•
– (E0> 3.0 V) in the reaction process.

Thus, the molar ratio of 1:16 (phenol/PMS) was used in the
following experiments. The corresponding actual usage of
PMS was 0.087 mmol/L.

HSO5
– þ SO4%

–
↕ ↓SO4

2 – þ SO5•
– þ Hþ

k < 1� 105 M – 1$s – 1 (1)

HSO5
– þ •OH↕ ↓SO5•

– þ H2O

k ¼ 1:7� 107 M – 1$s – 1 (2)

SO5
2 – þ •OH↕ ↓SO5•

– þ OH –

k ¼ 2:1� 109 M – 1$s – 1 (3)

3.4 Reactive species in UV/PMS/CNT-TiO2 system

It was reported that the reaction rates of SO4•
– and •OH

with methanol (MeOH) are 3.2 � 106 M–1$s–1 and 9.7 �
108 M–1$s–1, respectively (Duan et al., 2016). The reaction
rate of tert-butyl alcohol (TBA) with hydroxyl radical
(3.8–7.6 � 108 M–1$s–1) was over 1000 times faster than
that of TBA with sulfate radical (4.0–9.1 � 105 M–1$s–1)
(Anipsitakis and Dionysiou, 2004). The MeOH and TBA
were selected to differentiate the sulfate radicals from
hydroxyl radicals in quenching experiments. As shown in
Fig. 9, the removal of phenol decreased from 100% to 67%
at the molar ratio of 500:1 (TBA/PMS). These results
suggested the presence of hydroxyl radical which could be
generated from the photocatalysis and PMS activation via
UV energy, according to Eqs. (4) and (5) (Wang et al.,
2017). When the MeOH (the molar ratio of MeOH/PMS =
500:1) was added into the UV/PMS/CNT-TiO2 system, the
removal of phenol decreased from 100% to 57%,
indicating the production of sulfate radical in this reaction

Fig. 6 The phenol removal in the UV, PMS, UV/TiO2 and PMS/
CNT systems. ([phenol] = 10 mg/L, [catalyst] = 0.5 g/L, the molar
ratio of phenol/PMS = 1:16, initial pH = 6.98, t = 30°C).

Fig. 7 Degradation of different pollutants by UV/PMS/20%
CNT-TiO2 system. ([pollutant] = 10 mg/L, [catalyst] = 0.5 g/L, the
molar ratio of pollutant/PMS = 1:16, initial pH = 6.98, t = 30°C).
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(Eqs. (5), (6) and (7)). According to previous researches
(Zhou et al., 2015, 2017), 1O2 probably existed in the
reaction system. Therefore, the L-histidine was selected as
the scavenger for the quenching of 1O2 (Lee et al., 2016;
Lu et al., 2018). Both L-histidine (0.1 mmol/L) and MeOH
(MeOH/phenol = 500) are added into UV/PMS/CNT-TiO2

system to quench the 1O2, •OH and SO4•
–. The

corresponding removal of phenol decreased from 100%
to 5% in 30 min. It seems consistent with the previous
studies (Zhang et al., 2009; Yun et al., 2018). The
generation of 1O2 may be responsible for the nonradical
reaction pathway in the activation of PMS or the
photocatalysis process in the UV/PMS/CNT-TiO2 system.
The above results indicated that 1O2 and •OH, as the major
oxidants, were responsible for the phenol degradation.
Meanwhile, the SO4•

– was also involved in the reaction to
remove organic pollutants.

hþðTiO2Þ þ H2O↕ ↓•OHþ Hþ (4)

HSO5
– =SO5

2 – þ hv↕ ↓SO4•
– þ •OH (5)

HSO5
– þ e – ↕ ↓SO4•

– þ OH – (6)

HSO5
– þ e – ↕ ↓•OHþ SO4

2 – (7)

The EPR technique was used to confirm the active
radicals generated in the UV/PMS/CNT-TiO2 system. The
DMPO (Zhang et al., 2017) and TMP are generally
considered as good probes for •OH/SO4•

– and 1O2. Hence,
as shown in Fig. 10, the EPR signals of DMPO-•OH (aN =
aH = 14.9 G) and DMPO-SO4•

– (aN = 13.8 G, aH = 10.1 G,
aH = 1.42 G, aH = 0.83 G) (Gao et al., 2018) were detected
in the UV/PMS/CNT-TiO2 system, suggesting the genera-

Fig. 8 The effect of different doping amounts of CNT in composite (a), initial pH (b), composite dosage (c) and the molar ratio of
phenol/PMS (d) in UV/PMS/composite system ([phenol] = 10 mg/L, the doping amount of CNT = 5%–20%, [catalyst] = 0.1–0.7 g/L, the
molar ratio of phenol/PMS = 1:4–1:32, initial pH = 3.19–9.13, t = 30°C).
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tion of •OH and SO4•
–. In the presence of TMP, the typical

three-line EPR spectrum with equal intensities adducts
appeared, indicating the existence of 1O2 in the system.

3.5 Mechanism of PMS activation on UV assisted CNT-
TiO2 system

The PL was used to study the separation efficiency of
photoinduced electrons and holes of the composite

catalyst. The lower intensity of fluorescence peak means
better separation of photoinduced electron-hole pairs. As
shown in Fig. 11, the fluorescence absorption intensity of
TiO2 catalyst alone was much stronger than that of 20%
CNT-TiO2 composite catalyst (no peaks for CNT), whose
fluorescence spectrum absorption peak centered at around
450 nm with excitation wavelength of 320 nm. As
expected, the PL intensity of 20%CNT-TiO2 samples
showed a significant decrease compared with TiO2 alone.
The results demonstrated that the 20%CNT-TiO2 enhanced
the separation of photoinduced electron-hole pairs due to
the good electron transfer ability of composite, which was
beneficial to the activation of PMS (Fujihara et al., 2000;
Yao et al., 2008).

Furthermore, in order to investigate the electron transfer
capability of 20%CNT-TiO2/PMS under the UV-light
assistance, the EIS of 20%CNT-TiO2 was performed.
The diameter of semicircle can reflect the resistance (RCT)
of charge transfer. As a general rule, the bigger arc
diameter means a higher charge transfer. As shown in
Fig. 12, the order of the RCT of three systems was UV/
PMS/20%CNT-TiO2< PMS/20%CNT-TiO2<UV/20%
CNT-TiO2. The presence of PMS in the UV/20%CNT-
TiO2 could greatly promote the photoinduced electron-
hole pairs separation and enhance the charge transfer.
Moreover, the RCT in the UV/PMS/20%CNT-TiO2 system
was lower than that in the PMS/20%CNT-TiO2 system,
which suggested the significant role of UV-light assistance
in the UV/PMS/20% CNT-TiO2 system. The photoinduced
electrons were supplied to PMS to produce sulfate radicals
via nonradical pathway (Lee et al., 2015; Lim et al., 2018).
Therefore, the better electron transfer performance facili-
tated greatly the activation of PMS to improve the catalytic
degradation ability in the UV/PMS/20%CNT-TiO2 system
(He and Mansfeld, 2009; Wang et al., 2017).
Based on the above results, a hypothesis of three

reaction pathways in the UV/PMS/20%CNT-TiO2 system

Fig. 9 Phenol degradation by the UV/PMS/20%CNT-TiO2

system in the presence of TBA, MeOH and L-histidine. ([phenol]
= 10 mg/L, [catalyst] = 0.5 g/L, the molar ratio of phenol/PMS =
1:16, the molar ratio of MeOH/PMS = TBA/PMS = 500, [L-
histidine] = 0.1 mmol/L, initial pH = 6.98, t = 30°C).

Fig. 10 The EPR spectra for SO4•
–, •OH and 1O2 in the various

systems. ([catalyst] = 0.5 g/L, the molar ratio of phenol/PMS =
1:16, [DMPO] = 50 mmol/L, [TMP] = 50 mmol/L, t = 25°C).

Fig. 11 The PL spectra of TiO2, CNT and 20%CNT-TiO2 composite.

8 Front. Environ. Sci. Eng. 2019, 13(5): 77



was proposed as shown in Fig. 13. First, the PMS was
activated by UV light directly to generate •OH and SO4•

–

owing to the breaking of O - O bond by light-energy
radiation. Secondly, the TiO2 was excited by UV-light to
produce photoinduced electron-hole pairs, which subse-
quently reacted with H2O/O2 to generate •OH or 1O2.
Thirdly, the photoinduced electrons led to the effective
activation of PMS, which could transfer from TiO2 via
CNT to transform PMS into various radicals including
SO4•

–, •OH and 1O2. The catalytic performance of the UV/
PMS/20%CNT-TiO2 system could be enhanced signifi-
cantly owing to these radicals.

4 Conclusions

This study demonstrated that the 20%CNT-TiO2 compo-
site catalyst can efficiently activate PMS to generate SO4•

–,
•OH and 1O2 with the assistance of UV-light. The UV/
PMS/20%CNT-TiO2 system exhibited an outstanding
performance for the degradation of phenol due to a
remarkable synergy effect. Furthermore, the high effi-
ciency of electron transfer between the CNT-TiO2

composite and PMS was crucial for the PMS activation.
Almost 100% phenol could be removed within 20 min.
The kinetic rate constant of phenol degradation in the

Fig. 12 Electrochemical impedance spectroscopy Nynquist plots of 20%CNT-TiO2 /UV, 20%CNT-TiO2/PMS and UV/PMS/20%CNT-
TiO2 reaction system. (Scan rate: 5 mV/s, frequency range 0.1–1.0 � 106 Hz, [Na2SO4] = 0.01 mol/L, [PMS] = 0.087 mmol/L).

Fig. 13 A hypothetical reaction mechanism diagram of the UV/PMS/20%CNT-TiO2 system.
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UV/PMS/20%CNT-TiO2 system was 0.18 min–1, which
was about 23.7 times that in the PMS/Co3O4 system. This
work provided another perspective for the future technical
complementarity to achieve the efficient PMS activation
for organic pollutant degradation.
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