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ABSTRACT

Polypyrrole-TiO, composited photocatalysts have been prepared by sol-gel method. The
as-prepared photocatalysts were characterized by scanning electron microscopy, X-ray
diffraction, and FT-IR. The results showed that the polypyrrole-TiO, consists of well-
defined hollow tubes with the size of inner diameter 0.5-1 pum, and the hollow tubes exhib-
ited non-crystal phase and it was well-formed anatase phase at high temperature treatment.
The performances of polypyrrole-TiO, were tested by adsorption and degradation of sali-
cylic acid. The adsorption equilibrium data, at different temperatures, were described by
the Langmuir, Freundich, Temkin and Dubinin—-Radushkevich isotherm models. The results
showed that the Langmuir model was well fit to the equilibrium adsorption data, and the
adsorption capacities could reach 32.4mgg . The photocatalytic degradation activity of sal-
icylic acid with polypyrrole-TiO, was investigated under visible light irradiation. It was
revealed that the degradation rate of salicylic acid with the polypyrrole-TiO, which synthe-
sized at 5°C without heat treatment could reach 48.6%. And the kinetics of photocatalytic

degradation obeyed second-order kinetics.
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1. Introduction

Salicylic acid is a key additive in many skin-care
ointments, creams, gels, and transdermal patches, and
it is applied in the scientific experiments widely. There-
fore, the salicylic acid is easy to discharge into environ-
ment along with the large usage and increasing
production, especially the water environment. Waste-
water containing salicylic acid originates mainly from
the synthesis of salicylic acid and its derivatives and

*Corresponding author.

from rinsing of medical and cosmetic manufacture
equipment [1]. And it may interact with living beings,
which may generate toxic effects, destroy the endocrine
system [2,3]. Therefore, it requires innovative technolo-
gies for disposing of salicylic acid. Photocatalytic oxida-
tion is one of advanced oxidation processes based on
the action of positively charged and holes on the sur-
face of illuminated semiconductor, which possess high
oxidation, and it could eliminate most pollutants, thus
it was an effective way to resolve the salicylic acid
pollution. And it has been widely attracted by many
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researchers owing to its potential application in purify-
ing water and air. Among all of photocatalysts, Tita-
nium dioxide (TiO,), due to its strong oxidizing power,
high photostability, commercially available, nontoxic,
and redox selectivity, is one of the most popular and
promising materials in photocatalysis [4-6]. However,
the large intrinsic band gap energy (3.2 eV for anatase)
and narrow photoresponse of TiO; limit the photocata-
lytic activity in ultraviolet light range. In response to
the defect, much effort has been devoted to the modifi-
cation of TiO,, such as doping ions, compound, dye
sensitization, and organic substance [7-10]. The proper-
ties of delocalized conjugated structures in electron-
transfer processes have been widely studied to show
that they could effectively active a rapid photoinduced
charge separation and a relatively low charge recombi-
nation [11]. As follow the conducting polymer, due to
their diverse structures, special doping mechanism and
optical properties, have been considered as new class of
materials [12,13]. They have a large variety of applica-
tions in batteries, electrochemical display, and light-
emitting diodes [13-15]. The conjugated polymers have
extended p-conjugated electron systems such as polyan-
iline, polythiophene, polypyrrole (PPy), and their deriv-
atives, due to their high absorption coefficients in the
visible range of the spectrum, high mobility of charge
carriers, and excellent stability, shown great promises
[16,17]. Thus, it can be used to prepare modified TiO,
materials which may improve the performance of TiO..

To the best of our knowledge, most of the methods
proposed to prepare PPy-TiO, need multi-steps, time-
consuming, or expensive facilities. In the present work,
PPy-TiO, was synthesized by sol-gel method. The pho-
tocatalytic process mainly contains two processes: first
adsorption and second photodegradation, therefore, the
adsorption and photocatalytic processes were investi-
gated in photocatalytic degradation salicylic acid. The
dynamic adsorption process was evaluated in the dark
and the photocatalytic process was investigated under
visible light irradiation after adsorption equilibrium. In
order to study the adsorption process, the equilibrium
adsorption data were analyzed using different adsorp-
tion isotherm models and kinetic equations. The photo-
catalytic activity of PPy-TiO, was evaluated by
degradation of salicylic acid under visible light irradia-
tion. And the kinetics of photocatalytic degradation
was also discussed.

2. Experiment

2.1. Materials and characterization

Pyrrole (CAS number: 109-97-7. Chemically pure),
30% Perhydrol solution (CAS number: 7,722-84-1.
Analytical Reagent (AR)), salicylic acid (CAS number:
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69-72-7. AR), and ethanol (CAS number: 64-17-5. AR)
were all purchased from Shanghai Chemical Reagent
Co. and used as received. Titanium (IV) oxysulfate-
sulfuric acid hydrate (CAS number: 123334-00-9) was
purchased from Aladdin Chemistry Co. Ltd. Distilled
water was used throughout this work.

The scanning electron microscopy (SEM) images
were examined by S-4800 SEM (HITACHI, Japan).
X-ray diffraction (XRD) technique was used to charac-
terize the crystal structure. In this work, XRD patterns
were obtained with a D8 ADVANCE X-ray diffractom-
eter (Bruker AXS Company, Germany) equipped with
Ni-filtrated Cu Ko radiation (40kV, 30mA). The 26
scanning angle range was 10-80° with a step of 0.04°/04s.
Infrared spectra (4,000-400 cm™!) were recorded on a
Nicolet NEXUS-470 FT-IR apparatus (USA).

2.2. Preparation of photocatalyst

The PPy-TiO, has been prepared by sol-gel
method. About 1.73g TiOSO, was added in 80mL
hydrochloric acid (pH 1) under mechanical agitation
at different temperatures (5, 10, and 25°C) until trans-
parent solution was obtained. And then 3.5mL Pyrrole
was injected into the mixture. After that, 3.9 mL per-
hydrol solution (30%) was dropwise added into the
above mixture with constant agitation. At last, the
resulting mixture was agitated for 6 h at different tem-
peratures (5, 10, and 25°C). After reaction, the precipi-
tates were washed with distilled water and alcohol for
many times. Finally, the product was dried in an air
at 60°C for 12h. The samples were signed as PPy-
TiO, (5°C), PPy-TiO, (10°C), and PPy-TiO, (25°C).

2.3. Photocatalysis experiments

The photodecolorzation reactor of salicylic acid
was carried out at 25°C in a photocatalytic reactor [18]
under visible light. The photochemical reactor con-
tained 0.1g catalyst and 100 mL different concentra-
tion salicylic acid solution. After 20 min in the dark, it
reached adsorption balance, its initial absorbency was
determined. The photocatalytic reaction was initiating
with one 500W xenon lamp (wavelength range
400-780 nm), the illuminance of the Xenon lamp is
1,700-1,800 Lm m 2. The samples were conducted in
20 min interval under visible light, which the reaction
time was 100 min. And the residual amount of sali-
cylic acid in the aqueous phase was determined using
UV-vis spectrophotometer at Apax =296 nm. The pho-
tocatalytic degradation rate (DR) was calculated by
this formula:
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DR = (1 — A,'/Ao) x 100 % (1)

where Aj is the initial absorbance of salicylic acid
solution and A; is the absorbance of reaction solution.

2.4. Bach mode adsorption studies

The factors of experimental parameters initial con-
centration and temperature on the adsorption removal
of salicylic acid were studied. In study of adsorption
kinetics, 5 mL of aqueous solution with initial salicylic
acid with the 0.005g of adsorbents in batch experi-
ments, and the residual amount of salicylic acid in the
aqueous phase was determined using UV-vis spectro-
photometer at Amax=296nm. The amount of adsorp-
tion (mgg ') at time t was calculated by a mass
balance relationship:

_ (G -QV

W (2)

Q

where C, is the initial salicylic acid concentration
(mgL™"), C represents the residual concentration in
solution at time t (mgL™"), V is the solution volume
(L), W is the adsorbent mass of TiO, (g), and Q is the
absorptive amount (mgg™").

3. Results and discussion
3.1. Scanning electron microscopy

SEM is applied to obtain the detailed morphol-
ogy of PPy-TiO, (5°C) (Fig. 1(a) and (b)), PPy-TiO,
(10°C) (Fig. 1(c) and (d)), and PPy-TiO, (25°C)
(Fig. 1(e) and (f)). As illustrated in Fig. 1((a) and
(b)), PPy-TiO, (5°C) consist of well-defined hollow
tubes that the size of inner diameter is 0.5-1 pm.
Compared with PPy-TiO, (5°C), the inner diameter
of PPy-TiO, (10°C) is smaller, which is influenced
by the reaction temperature in the self assembly of
sol-gel process. From Fig. 1((e) and (f)), it can be
seen that PPy-TiO, (25°C) has been completely
changed to different morphology and size distribu-
tion, furthermore PPy-TiO, (25°C) is congregate
highly. Therefore, it can be found that reaction tem-
peratures have much effect on the morphology of
PPy-TiO,. It maybe accelerates the reaction rate of
sol-gel process with the higher temperatures and
lead to poor self assembly, which is easy to congre-
gate at high temperature, and show the disorder
morphology.
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3.2. X-ray diffraction

Fig. 2 shows XRD curves of PPy-TiO, (5°C) and
PPy-TiO, (5°C) treated at different temperatures. The
broad peak in the region of 20=20°-30" in XRD curve
of PPy-TiO, (5°C) shows that the formed composite of
polypyrrole and TiO, is amorphous. And different
peaks appeared with increase in the treated tempera-
ture for the composite. The XRD patterns of PPy-TiO,
(5°C) which was calcined at 500°C, shown seven peaks
at 25.22°, 37.64°, 47.82°, 53.94°, 62.5°, 69.66°, and 75.02°,
that can be indexed to the crystal planes of anatase
TiO,. Therefore, with increasing of calcination temper-
ature, polypyrrole has been removed. And it is sug-
gested that the composite without treated at high
temperature contain polypyrrole and TiO,.

3.3. FT-IR

FT-IR spectra of (a) PPy-TiO, (5°C), (b) PPy-TiO,
(10°C), and (c) PPy-TiO, (25°C) are shown in Fig. 3.
The broad peak at 3,110cm™' can be attributed to
N-H stretching vibrations [9]. The peaks at 1,558 and
1,680 cm ™" are assignable to the C=C stretching vibra-
tions of the PPy conjugation system [19], and the C-N
stretching vibrations of PPy appeared at 1,210cm™"
[20]. The peaks at 1,050, 926, and 796 cm™! are sym-
metrical C-H in-plane bending, C-C inter-ring stretch,
and N-H ring out of plane bending, respectively [21].
The results of FT-IR characterization show that PPy is
successfully composited TiO, with sol-gel method.

3.4. The adsorption properties of PPy-TiO,

The adsorption property of PPy-TiO, was evaluated
by the removal of salicylic acid solution at 25°C. As
shown in Fig. 4, PPy-TiO, (5°C) has more adsorption
capacity of salicylic acid than the adsorption capacity of
PPy-TiO, (10°C) and PPy-TiO, (25°C). The result shows
that the morphology of PPy-TiO, is important to
adsorption. PPy-TiO, (5°C), compared with PPy-TiO,
(10°C) and PPy-TiO, (25°C), possesses higher adsorp-
tion performance, the reason may be due to the larger
tube inner diameter, the more contact in the adsorption
process. Fig. 5 illustrates the variation of 50 mgL™"
salicylic acid concentrations with time at different
temperatures. As shown in Fig. 5, it can be seen that
temperature is remarkably influenced the adsorption
equilibrium of salicylic acid. And the adsorption of sali-
cylic acid is decreased with increasing temperature,
indicating that a low temperature is better for removal
of salicylic acid with PPy-TiO, (5°C). The reduction of
adsorption with rising temperature may be attributed
to increase the molecules thermal motion and/or lead
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Fig. 1. The SEM images of different samples (a) and (b) PPy-TiO, (5°C), (c) and (d) PPy-TiO, (10°C), (e) and (f) PPy-TiO, (25°C).

to disadsorption, which is not easily adsorbed on the
surface of PPy-TiO, (5°C). And the values of Q,
reduced with increasing temperature, which account
for exothermic adsorption process. Therefore, the sali-
cylic acid adsorption process is controlled by physical
adsorption.

3.5. Adsorption isotherms

In the present study four isotherm equations,
namely Langmuir [22], Freundich [23], Temkin [24],
and Dubinion—Radushkevich [25] isotherm were fitted
to the experimental equilibrium data for PPy-TiO,

(5°C) at different temperatures. It was studied by judg-
ing the correlation coefficient (R?) for the adsorption
behaviors. The results were shown in Table 1. More-
over, comparison of Langmuir, Freundich, Temdkin,
and Dubinion-Radushkevich isotherm models for sali-
cylic acid onto PPy-TiO, (5°C) using non-linear regres-
sion were also illustrated in Fig. 6. It can be seen that
the adsorption capacity (Q,) of PPy-TiO, (5°C) above
all increased sharply, then increased slightly, and
finally reached to maximum point. Furthermore, with
temperature increased from 25 to 35°C and 45°C, Q, of
PPy-TiO, (5°C) was reduced obviously. It is possible
that high temperature can increase the thermal motion
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Fig. 2. XRD curves of (a) PPy-TiO, (5°C), (b) PPy-TiO,
(5°C) was calcined at 300°C, (c) PPy-TiO, (5°C) was cal-
cined at 400°C, and (d) PPy-TiO, (5°C) was calcined at
500°C.
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Fig. 3. FT-IR spectra of different samples (a) PPy-TiO,
(5°C), (b) PPy-TiO, (10°C), and (c) PPy-TiO, (25°C).

of salicylic acid molecular and reduce the surface ten-
sion of solution. Moreover, PPy-TiO, (5°C) had better
applicability for the Langmuir isotherm model, indi-
cating monolayer molecular adsorption for salicylic
acid with PPy-TiO, (5°C), and the adsorption capaci-
ties could reach 32.35mgg ™.

3.6. Adsorption kinetics

In order to investigate the mechanism of adsorp-
tion including mass transport and chemical reaction,
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Fig. 4. The adsorption experiments of different samples at
50 mg L™ salicylic acid.
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Fig. 5. The kinetics of adsorption at different temperature
of salicylic acid by PPy-TiO, (5°C).

the pseudo-first-order equation and pseudo-second-
order equation [26,27], were analyzed from the kinetic
date. They are described in Eqgs. (3) and (4):

In(Q, — Q1) = InQ, — kst (3)

t 1 t

=4+ 4)
Q kQ? Q.
Q. and Q; are the amount of salicylic acid onto sorbent
at the equilibrium and time f (min), respectively.
Values of k; and k, are calculated from the plot of In
(Q.— Q) vs. t and t/g; vs. t, respectively.
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Table 1

Adsorption isotherm constants for salicylic acid with PPy-TiO,

Adsorption isotherm models Constants 298 K 308 K 318K

Langmuir equation Q. (mg g_l) 32.35 25.72 23.44
rR? 0.9988 0.9987 0.9914
Ky (L mg™) 0.4755 0.4718 0.1230
R, 0.06349 0.07816 0.2897

Freundlich equation rR? 0.9955 0.9987 0.9583
Kr (mgg ™) 22.70 17.53 7.962
n 12.42 17.53 4.204

Temkin rR? 0.9958 0.9987 0.9674
Kr (L mg™) 7,943 3,135 2.097
Br 2.414 2.074 4.358

Dubinin—Radushkevich equation Que (mgg™) 32.30 25.65 22.84
rR? 0.9989 0.9976 0.9868
Kpgr (mol?kJ?) 1.630 x 10™* 1.617 x10™* 5110x107*
E (kf mol ) 55.38 55.61 31.28

Q,(mgg")

A B Experimental date at 298K

10 @ Experimental date at 298K
A Experimental date at 298K

— Langmuir fit

5 — Freundich fit

—— Temkin fit

—— Dubin-Radushkevich fit

O 1 1 1
0 10 20 30 40 50 60

C, (mgL")

Fig. 6. Comparison of Langmuir, Freundich, Temkin, and
Dubinion-Radushkevich isotherm models for PPy-TiO,
(5°C) using non-linear regression.

All the rate constants of adsorption and linear
regression values were shown in Table 2. It can be
found that the adsorption of salicylic acid onto PPy-
TiO, (5°C) followed pseudo-first-order kinetics because
of the well fit between experimental and calculated val-
ues of Q, (all R? values above 0.99 at different tempera-
tures). The adsorption kinetics of salicylic acid onto
PPy-TiO, (5°C) has been well correlated by a pseudo-
first-order and two step reaction mechanisms. The first
reaction stage appears to be diffusion controlled and
the second stage is chemical sorption controlled.

Fig. 7 illustrates the plot of the experimental data
of the amount of salicylic acid adsorbed per unit mass
of sorbent against time along the values for the

pseudo-first-order and pseudo-second-order kinetic
model. As shown in Fig. 7, the equilibrium time
required for the adsorption of salicylic acid from
50mgL~" solution was about 30min for PPy-TiO,
(5°C) at different temperatures. And increasing
temperature, initial adsorption rates decreased.

3.7. Photocatalytic activity and kinetic analysis

The photocatalytic activity of PPy-TiO, was evalu-
ated by degradation of salicylic acid solution. As
shown in Fig. 8, PPy-TiO, (5°C) shows better photo-
catalytic activity than PPy-TiO, (10°C) and PPy-TiO,
(25°C) under visible light irradiation. Degradation per-
cent after 120 min irradiation are 48.6, 42.4, and 35.7%.
It shows that the morphology of photocatalysts is
important to the photocatalytic activity. In order to
study the kinetics of photodegradation process of sali-
cylic acid, the first- and second-order kinetics were
used to fit the experimental data, the results showed
in Figs. 9 and 10, it can be found that the second-order
kinetics the entire linear regression coefficient (R) is
greater than the first-order kinetics, photocatalytic
degradation of salicylic acid obeyed second-order
kinetics. The rate constant value of 10mgL™" salicylic
acid was 1.11x1072 (molm™>)"" S7!. The experimental
data can be rationalized in terms of the modified form
of Langmuir-Hinshelwood kinetic treatment, which
has already been successfully used to describe
solid-liquid reactions [28]. The rate of unimolecular
surface reaction is proportional to the surface coverage
assuming that the reactant is strongly adsorbed on the
catalyst surface than the products [29]. It is shown that
degradation process largely depends on the interfacial
interaction of the photocatalyst surface [30].
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Table 2
Kinetic constants for the pseudo-first-order equation and pseudo-second-order equation
Kinetic models 298K 308K 318K
Pseudo-first-order equation Q.c (mgg™) 30.74 24.35 20.13
R? 0.9998 0.9926 0.9935
K; (Lmin™") 0.1935 0.2043 0.09601
Pseudo-second-order equation Q.cmgg™ 32.35 25.73 23.44
R? 0.9988 0.9918 0.9815
K> (gg ' min™) 0.0147 0.0183 0.00525
35 1.00
0.95| m 50mglL v
. - 090 | @ 40mgL —
I e 085 A 30mglL gl el
0.80| ¥ 20mg/L <
0.75| 4 10mglL - °
2k /e e 0.70
P L oeo % 2
o 20 By 8.28 - R’=0.9641
£ £ o5 :/'/ k=6.82*10"
2 ~ o4 Y R*=0.9651
4 0.35 [ Ri20gnsp K=5.2510°
10 |- Experimental date at 298K 030 — k=3.6410°
e Experimental date at 308K 8'22 F R’=0.8695
5L A Experimental date at 318K 015 k=2.84*10"
——— Pseudo-first order model 010 |~ € R*=0.9287
———————— Pseudo-second order model 0.05 |- k=2.62"10"
1 1 0.00 1 " 1 1 L 1 1 L
M 10 20 30 40 50 60 0 20 40 60 80 100
Time (min) Time (min)

Fig. 7. Kinetic models for the effect of temperature on
adsorption of PPy-TiO, (5°C).

—=— PPy-TiO,(5°C)
—e— PPy-TiO, (10°C)

—4— PPy-TiO, (25°C)
40
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degradation rate (%)

0 L 1 L 1 L 1 L 1 L 1
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Fig. 8. The photocatalytic experiments of different samples
at 10 mg L™" salicylic acid.

Fig. 9. The first kinetic of PPy-TiO, at different initial con-

centration salicylic acid.

022] w 50mglL
020 ® 40mg/L
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018 | vy 20mg/L
016 <4 10mg/L
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0.00 L . h . ! . . . ) .
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Fig. 10. The second kinetic of PPy-TiO, at different initial

concentration salicylic acid.
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4. Conclusion

In this work, PPy-TiO, was synthesized by sol-gel
method. From the characterization, the results indi-
cated that PPy-TiO, (5°C) consists of well-defined hol-
low tubes. The performance of polypyrrole-TiO, was
determined by adsorption of salicylic acid in dark,
and degradation of salicylic acid under visible light
irradiation. The adsorption thermodynamics and
kinetics were investigated. The isotherms exhibited
the Freundich behavior at all temperatures, indicating
monolayer molecular adsorption for salicylic acid with
PPy-TiO, (5°C). And the kinetics of adsorption fol-
lowed the pseudo-first-order model. After adsorption
equilibrium, the photocatalytic DR of salicylic acid
with PPy-TiO, (6°C) could reach 48.6%. And the
kinetics of photocatalytic degradation obeyed second-
order kinetics. The rate constant value of 10mgL™"
salicylic acid was 1.11 x 107 (molm™>) 'S~
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