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Visible-light-driven photocatalysis is a robust technology for amending the negative effect of pollutants on the environment with a
minimum energy use. Herein, we describe a simple approach to producing such a photocatalyst by coupling conjugated polyvinyl
chloride (cPVC) with the TiO, nanotube (TNT) thermolysis method. By activating peroxymonosulfate (PMS) to make a
cPVC/TNT/PMS system using visible light as the source, we obtain a significant enhancement in the photocatalytic
performance. We show that PMS use at a concentration of 3mM can fully degrade rhodamine B (RhB) solution at a remarkably
high concentration (200mgL™") just in 120 min under visible light. The cPVC/TNT/PMS system also shows excellent stability in
recycling tests for at least five times. Further, by confining the active species in photocatalytic reactions, we report a thorough
understanding of the extent of involvement from those radicals. Our work presents a robust approach to make a high-performance,

visible-light-driven photocatalyst, which can be potentially used in practice.

1. Introduction

Photocatalysis technology is a great means of treating
environmental pollutants by making direct use of light to
generate highly active oxygen species that are more favorable
because of the high performance, environmental benefits,
and low operating cost [1-4]. For photocatalytic materials
to be used widely in practice, the source of the exciting
light should be abundantly available (i.e., visible light that
accounts for about 43% of the solar radiation and does not
require any energy to be produced); the preparation of
photocatalysts should also be simple, inexpensive, and
robust [5, 6].

Recently, sulfate radical anion- (SO; ) induced advanced
oxidation reactions that have been successfully used in treat-
ing organic pollutants in water [7-9]. In comparison with
hydroxyl radical (OH), SO; has a higher reduction potential
[10]. Also, SO, has advantages such as pH independence
[11], greater oxidation selectivity of organic pollutants, and
longer lifetime during the reaction [12]. Peroxymonosulfate
(PMS) activation-induced SO; is usually generated via
thermolysis, photolysis, photocatalysis, a metallic oxidant,
and carbon materials [13-16]. Therein, activation of PMS
assisted by a photocatalyst under visible light is environmen-
tally sustainable and simple to perform without additional
energy/chemical requirement.
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Previous studies have shown that the combination of
photocatalytic materials with readily available polymers after
being conjugated would lead to the production of barely expen-
sive nanocomposites but having a promising photocatalytic
performance [17-23]. For instance, a conjugated polyvinyl
chloride- (cPVC-) grafted SnS, nanocomposite, having a high
photocatalytic performance in the reduction of aqueous
Cr(VI) under visible light, was reported [18]. More recently,
getting combined PANI and Ag,PO,, a highly efficient
visible-light-driven photocatalyst with a core@shell structure
was prepared [20]. Although visible-light-driven photocata-
lysts have been extensively reported for years, complex steps
in preparation and low efficiency remain a major challenge
for such photocatalysts to be used broadly and effectively
[24-28]. Noticeably, a recent study has reported a prominently
facile approach to produce a nanocomposite of conjugated
polyvinyl chloride (cPVC) and TiO, nanotubes (TNTs),
showing a remarkable photocatalytic performance under visi-
ble light [29]. By taking advantage of the ability for mass pro-
duction of TNT with the abundant availability, chemical
stability, and ease in the processing of cPVC, fabrication of
cPVC/TNT nanocomposites could potentially be used broadly
in practice. Moreover, the introduction of sulfate anion radi-
cals into the reaction system, subsequently activated by the
photocatalyst under light irradiation, results in a significant
enhancement in the photocatalytic efficiency [8, 30-35]. Thus,
the combination of a visible-light-driven photocatalyst with
the strong oxidizing capability of SO radicals can potentially
lead to the highest photocatalytic performance of that specific
photocatalyst under visible light.

Herein, we use the effectiveness of cPVC/TNT nanocom-
posites and the introduction of PMS to produce an efficient
photocatalyst under visible light. Our setting also demon-
strates rational stability for a set of five-repeated rounds of
photocatalytic activity. We also determine to what extent
SO, radicals played a role in the photocatalytic enhancement
in situ via trapping experiments.

2. Experimental

2.1. Materials. Commercial polyvinyl chloride (PVC),
ethylene glycol (EG, 99.8%), tetrahydrofuran (THF, 99.0%),
commercial TiO, powder (Merck, 99.99%), hydrochloric acid
(HCJ, China, 37%), sodium hydroxide (NaOH, Merck, 99%),
peroxymonosulfate (PMS), potassium iodide (KI, 99.99%),
isopropyl alcohol (IPA, C;H O, 99.99%), potassium dichro-
mate (K,Cr,0,, 99.99%), tert-butanol (TBA; (CH,),COH,
99.99%), rhodamine B (RhB, C,4H;,CIN,O,), and deionized
(DI) water (Puris-Evo water system) were used.

2.2. Synthesis of Materials

2.2.1. Synthesis of TiO, Nanotubes (TNTs) via Hydrothermal
Method. The preparation of TNT via a hydrothermal process
was reported in our previous works [36, 37]. Accordingly,
1.7 g of commercial TiO, powder was mixed with 157 mL
of 10M NaOH solution for a certain time to get a well-
dispersed suspension. This mixture of TiO, powder and
NaOH solution was subsequently transferred into a Teflon
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container, closely sealed by a stainless-steel autoclave. The
hydrothermal process was operated at a temperature of
135°C for 24 h. The hydrothermally treated mixture was then
naturally cooled to room temperature, followed by a pH
treatment using HCl and DI water to reach a pH value of 4
and 7, respectively. TNTs were obtained by drying the prod-
uct at 60°C for several hours.

2.2.2. Synthesis of cPVC/TNT Nanocomposites. The prepara-
tion of cPVC/TNT nanocomposites was reported in our
recent work [29]. For preparing cPVC, first, PVC powder
was added into a mixture of NaOH and ethylene glycol. Sec-
ond, the three-component mixture was stirred for 30 min,
followed by sonication for a further 30 min. Third, the well-
dispersed mixture was transferred into a 3-neck flask, which
was subsequently stirred for a certain time before treatment
in nitrogen gas at 190°C for 3 h. Finally, cPVC was obtained
by extensively washing the treated solution with DI water,
followed by a drying step at 60°C. cPVC/TNT samples were
then prepared straightforwardly. Different amounts of cPVC
were dissolved in 10mL THF. Subsequently, TNT was
added into the cPVC/THF mixtures with the mass ratios
(cPVC:TNT) of 10:100. The combination was then mag-
netically stirred for 30 min, which was sonicated for a further
30 min. Lastly, the final products were fully dried at 60°C for
1 h to obtain cPVC/TNT nanocomposites.

2.3. Characterizations. Transmission electron microscopy
(TEM) images were taken on a JEM 1400 at 100kV to
observe the materials’ morphology. X-ray diffraction (XRD)
patterns were taken using a Bruker D8-Advance 5005 (Cu
Ka radiation, A = 0.154064 nm) in the range 26 from 10° to
70° to define the crystal structure of as-prepared materials.
Also, Fourier-transform infrared spectroscopy (FTIR) spec-
tra were captured on a JASCO-4700 to detect the vibration
of molecules in the region of 480 to 4000 cm ™', which used
KBr pellets as the reference.

2.4. Evaluation of Photocatalytic Activity. We used rhoda-
mine B (RhB) as the organic pollutant in evaluating the pho-
tocatalytic degradation of our material. RhB is a water-
soluble organic dye and is widely used in the textile industry.
RhB can injure human eyes and skin and cause respiratory
problems [38]. Furthermore, it induces phototoxicity and
shows resistance to biooxidation. Thus, it is important to
study the photocatalytic degradation in which RhB is the tar-
get pollutant. The photocatalytic tests were performed using
0.1 g of photocatalyst against a 60 mL rhodamine B (RhB)
dye solution with a concentration of 200mgL~". PMS (0.1
to 5mM) was added to the RhB dye solution before introduc-
ing the photocatalyst. The PMS-activated photocatalyst/RhB
mixture was stirred in the dark for 1.5h to achieve adsorp-
tion/desorption. Subsequently, the equilibrated system was
illuminated by visible light from a simulated solar light
(Osram Ultra-Vitalux 300 W) attached with a UV cutting
glass. The entire photocatalytic activities were performed
for 3h. Over intervals of 30 min, a small amount of the sus-
pension was withdrawn, followed by centrifuge at a rapid rate
to separate the solution from the suspension. Shortly after, a
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UV-Vis spectrophotometer (U2910, Hitachi, Japan) was
used to measure the solution’s absorption spectrum in the
range of 400nm to 650 nm. The photocatalytic efficiency
and the photocatalytic reaction rate were quantitatively
calculated via

C,-C
n= OC L x 100%, (1)
0

where # stands for photocatalytic degradation efficiency of
RhB (%), C, regards the initial concentration of RhB, and
C, regards the concentration of RhB at time ¢.

2.5. Radical Trapping Test. The radical trapping experiments,
using standard scavengers, including KI, K,Cr,0,, IPA, and
TBA, were performed to probe the extent of involvement in
the photocatalytic reactions of the photogenerated hole, elec-
tron, SO, and 'OH, respectively. The concentration of the
scavenger was 3 mM. The experimental conditions for these
trapping experiments were like those described in the photo-
catalytic activity tests.

2.6. Evaluation of Photocatalytic Stability. After the first
round of the photocatalytic activity, the photocatalyst was
collected from the suspension by centrifuge at high speed
and dried at 60°C. Subsequently, this collected photocatalyst
was repeatedly used for further five photocatalytic activity
tests to quantify the sample’s stability against photocorro-
sion, one-time use problem, and so on.

3. Results and Discussion

Structural features of the as-prepared nanocomposite are
characterized (Figure 1). The FTIR profile of the cPVC/TNT
nanocomposite shows a prominent presence of a vibration
peak at 1628 cm™", representing C=C bonds in cPVC [29,
39], and the well-known vibration of the Ti-O-Ti bond at
around 500 cm™! [40] (see Figure 1(a)). Also, this sample’s
XRD pattern shows the presence of anatase and rutile phase
signals of TiO, (JCPDS No. 21-1272 and No. 65-6231) and
a typical diffraction peak of cPVC at 25° (Figure 1(b)). Thus,
FTIR and XRD results have evidenced success in the fabrica-
tion of the cPVC/TNT nanocomposite. The XRD pattern
also indicates a good crystallinity of the cPVC/TNT nano-
composite, which is potentially favorable for photocatalytic
activity.

Changes in the morphology of TNT's upon the combina-
tion with cPVC using TEM images are presented in Figure 2.
TNT has a typical hollow morphology with an outer diame-
ter of about 9.5 nm (Figures 2(a) and 2(b)). Further morpho-
logical details of TNT, prepared via the hydrothermal
method, are previously reported [41]. Upon combination
with ¢cPVC, the TNT’s relatively smooth surface becomes a
rough surface, which is covered with nanoscale spherical
objects (Figures 2(c) and 2(d)). Those nanoscale spherical
objects could be attributed to the addition of cPVC to the sur-
face of TNT, forming a nanocomposite. Importantly, the
combination of cPVC and TNT has been successfully per-
formed without damaging TNT’s unique morphology.

Photocatalytic properties of the cPVC/TNT nanocom-
posite against the RhB solution upon PMS activation under
visible light is studied (Figure 3). It is critical to note that
the photocatalytic activity of the cPVC/TNT nanocomposite
has been shown to outperform that of cPVC and TNT sam-
ples completely under visible light [29]; it is thus not neces-
sary to reconsider it in this work. A referencing test is done
with no photocatalyst for 180 min of irradiation, showing
no self-degradation due to the light sensitizing effect
(Figure 3(a)). Also, using a RhB solution with a high concen-
tration (200 mg L"), we intentionally constrained the photo-
catalytic activity of the cPVC/TNT nanocomposite, leading
to no visible light degradation of RhB. Subsequently, PMS
with concentration varying from 0.1 to 5mM is added into
the photocatalytic system. Upon adding PMS, the photocata-
Iytic performance of the cPVC/TNT nanocomposite promi-
nently increases with a greater amount of PMS. The
cPVC/TNT nanocomposite’s photocatalytic activity seems
to reach the highest performance upon being activated by
PMS at the concentration of 3mM, which takes only
120 min to degrade the pollutant fully. Also, the absorption
spectra of RhB show a great decrease in its intensity during
120 min of reaction without shifting its typical peak, which
indicates excellent photocatalytic performance (Figure 3(b)).
In addition, a greater amount of PMS (4 and 5mM) also
shows good performance, but both take a longer time
(150 min) to degrade RhB fully. Generally, the amount of gen-
erated OH and SO; directly depends on the PMS concentra-
tion. As shown in Figure 3(a), the degradation rate of RhB is
accelerated when increasing the PMS concentration from 0.1
to 3 mM. However, when the PMS concentration is increased
from 3 to 5mM, a slight reduction in RhB degradation is
observed. Two reasons could interpret this result. First, an
optimal PMS could serve as electron acceptors, leading to
the improvement of the photocatalytic performance, whereas
the photogenerated electrons might not be readily sufficient
to activate the excessive PMS [30]. Second, a typical reaction
could be involved in the process that happens between exces-
sive PMS and SO; radicals to give rise to the generation of
SO; that has a lower oxidizing ability [42], leading to the
decreased performance against RhB (see equation (2)). Thus,
our results show that the cPVC/TNT nanocomposite’s photo-
catalytic performance can be enhanced significantly by PMS
activation with an optimal amount of PMS at the concentra-
tion of 3mM.

SO, +HSO, — SO. +SO; +H' (2)

To have a better comparison with the state-of-the-art, we
provide an extensive list of the current photocatalytic systems
(Table 1). Key factors such as pollutant indicator, concentra-
tion of pollutants, optimal PMS concentration, amount of
photocatalyst, and excitation source are tabulated. In sum-
mary, our system, cPVC/TNT/PMS/Vis, has shown competi-
tive photocatalytic activity compared to a wide range of
materials. We have used a low amount of photocatalyst in
addition to a below-average PMS concentration to fully
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FiGure 1: (a) FTIR spectrum and (b) XRD pattern of cPVC/TNT nanocomposite.

F1GURE 2: TEM image of (a, b) TNTs and (c, d) cPVC/TNT nanocomposite.

degrade RhB at a remarkably high concentration, which only
uses visible light as the irradiation source.

In addition to the performance, photocatalysts having a
certain benefit of recycling would allow them to be used
widely in practice. By recycling the used photocatalyst, we
test the photocatalytic performance of our cPVC/TNT nano-
composite against RhB with PMS’s addition at the concentra-
tion of 3mM for five repeated rounds (Figure 3(c)). Our
results show that the photocatalytic performance decreases
gradually after each round, which would be attributed to

the photocatalyst’s loss in the postprocessing steps. However,
even after five rounds of the repeated photocatalytic tests, the
efficiency was still greater than 70%, which is a good merit
given the remarkably high concentration of RhB as well as
the use of visible light only.

Although we have shown that at a high concentration of
RhB the cPVC/TNT nanocomposite’s photocatalytic activity
is strictly constrained, the introduction of sulfate radicals is
the key factor to activate the reaction (Figure 3(a)). However,
to develop a deep understanding of all radical species’ extent
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F1GURE 3: (a) Photocatalytic degradation of the cPVC/TNT nanocomposite against RhB upon PMS activation with a concentration varied
from 0.1 mM to 5mM under visible light. (b) Absorption spectra of RhB of the cPVC/TNT nanocomposite after being activated with PMS
at a concentration of 3 mM during the photocatalytic reaction. (c) The photocatalytic performance of the cPVC/TNT nanocomposite after

being recycled five repeated times. (d) Radical trapping test results.

of involvement during the photocatalytic reaction upon
being activated by PMS, a series of trapping tests is con-
ducted. The involvement of radical species in photocatalytic
activity of the cPVC/TNT nanocomposite upon PMS activa-
tion can be classified into three groups (Figure 3(d)). The first
group (using KI and K,Cr,0, as scavengers) regards the par-
tial involvement of photogenerated electrons and holes,
which shows a slight decline in the photocatalytic perfor-
mance. This slight reduction has resulted from the partial
loss in starting reactions (both electrons and holes can
activate sulfate radicals), explaining the reason for the photo-
catalytic activity still present despite the absence of those

electrons or holes. There is a relatively higher loss in the
photocatalytic activity in trapping holes than trapping elec-
trons, which contrasts with previous works using TNT mate-
rials [41]. This result can be explained via the supposedly
higher amount of SO which can be produced from holes in
comparison with electrons (see equations (4), (5), (6), (7)).
The second group is with regard to the involvement of ‘'OH
groups, which is usually the main factor in semiconductor-
induced photocatalytic reactions. Our results show that by
confining the activity of OH groups, using TBA, the photocat-
alytic performance on the cPVC/TNT nanocomposite upon
PMS activation is affected negligibly (Figure 3(d)). This result
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TaBLE 1: A comparison of photocatalytic activity against RhB between current systems having been assisted by PMS activation.

Catalvst svstem Pollutant conc. PMS conc. Catalyst dosage Irradiation time Efficiency Ref
e (mgL™) (mM) (L) (min) (%) '
BiFeO,/PMS/Vis 5 5.0 1.0 40 60 [43]
Fe;0,/PMS/UV 383 12.0 5.0 120 80 [44]
BiVO,/PMS/Vis 10 1.0 0.5 60 97 [45]
CoFe,O0,/TNT/PMS/Vis 100 4.0 0.2 60 100 [46]
Mn,0,/ZIF-8 10 03 03 60 100 [47]
a-
MnO,/palygorskite/PMS/Vis 20 0.1 01 300 100 (48]
CuBi,0,/PMS/Vis 25 0.5 0.8 180 100 [49]
Fe-Co/PMS/UV 20 0.25 0.2 20 100 [50]
rGO/CoPc/PMS/Vis 120 0.07 0.5 40 100 [51]
cPVC/TNTs/Vis 200 3.0 0.1 120 100 SE‘&;
Visible light RhB CO, + H,0
HZ}—» SOZ ++OH + H
SOy++OH™ - SO3+ HO,
HSO; "0,
5
o . @ CO,+H,0
¥ ) RhB
® 0 o 00 .
LMo —p——— A
! i
i I
! cPVC |
HOMO .‘ . ' ! TNTs
I
eee® "
SO+ «OH HSO5 H o
OH~
505 n H OH + H+
RhB sof- w <
CO,+H,0 €O, + H,0

FIGURE 4: A schematic illustration of the photocatalytic degradation mechanism upon activation by PMS under visible light.

confirms the fact that in PMS-activated photocatalytic reac-
tions, the role of ‘OH groups is not the key in comparison to
that of SO, groups. The third group presents a case of strong
confinement by trapping both SO; and ‘OH groups by using
IPA. Our results show that the photocatalytic performance
has been significantly decreased in this case.

The mechanism for the photocatalytic activity of the
cPVC/TNT/PMS system under visible light is schematically
illustrated in Figure 4. In the cPVC/TNT/PMS system, elec-
trons generated from the conduction band (CB) could be
used by dissolved oxygen or directly caught by the adsorbed
PMS in which PMS is activated to produce SO (see equa-
tions (8) and (9)). Following this process is the enhanced sep-

aration of photogenerated electrons and holes. The
remaining holes in the valence band (VB) could also directly
oxidize pollutants due to its strong oxidation ability. Also,
SO; radicals can bring out radical interconversion reactions
to yield ‘'OH by the reaction between SO; and OH™ (see
equation (10)). In our cPVC/TNT/PMS system, the photo-
generated holes play a more important role than photogener-
ated electrons, which can be highlighted in two aspects. First,
the photogenerated holes can oxidize RhB directly. Second,
SO; radicals with the lower oxidation capacity are also gen-
erated through the combination of PMS and holes (equation
(6)), and the generated SO slightly contributed to SO; /OH
production by its self-sacrificing reactions (equation (7)).
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Thus, more photogenerated carriers are effectively separated,
and more electrons are transferred to participate in the
photocatalytic reactions, which facilitates the PMS activa-
tion to increase further SO;/OH. As a result, main active
species such as holes (VB), ‘O,, ‘OH, and SO; have con-
tributed to the excellent catalytic activity in the developed
cPVC/TNT/PMS system under visible light (see equation
(11) and Figure 4), and pollutants are readily degraded
into smaller intermediates and finally into CO, and H,O.

cPVC/TNTs + hv — cPVC/TNTs(ecy +hyp)  (3)

HSO; + ey — SO + OH (4)

SO, +H,0 — SO + OH + H* (5)

HSO: + hy; — SO + H* (6)

SO; — 2505 +0, (7)

HSO; + 0, — SO; + HO; (8)

HSO; +hv — SO, + OH 9)

SO, + OH™ — SO; + OH (10)
hy/' O,/ OH/SO; + RhB — degradation products ~ (11)

4. Conclusions

In summary, we have prepared a visible-light-driven photo-
catalyst by combining conjugated polyvinyl chloride and
TiO, nanotubes via a simple thermolysis method. The intro-
duction of PMS at the concentration of 3mM has signifi-
cantly enhanced the photocatalytic performance of the
nanocomposite, which is also photostable and recycled with
good performance. By confining the active radicals, we have
determined that SO, radicals are the key factor for enhanc-
ing the photocatalytic performance. Also, photogenerated
holes are greater than photogenerated electrons in the extent
of involvement. Production of a high-performance photoca-
talyst under visible light via a simple, inexpensive process will
lead to wide use in practice.
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