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Abstract: Hydrothermally and  sol-gel-synthesized  immobilized surfactant-modified
polyaniline-carbon nanotubes/TiO> (PANi-CNT/TiO2) photocatalysts were prepared and their
application in the degradation of diethyl phthalate (DEP) under visible light at 410 nm was
investigated in this sturdy. To improve the dispersion of nanoparticles and the transfer of electrons,
the TiO: surface was modified with both sodium dodecyl sulfate (SDS) and functionalized carbon
nanotubes (CNT-COOH and CNT-COCI). With the addition of PANi, which was increased from
1%-5%, the adsorption edge of the prepared photocatalysts shifted to 442 nm. The SDS linked the
PANI polymers to achieve a thickness of coating of the film of up to 314—400 nm and 1301-1600 nm
for sol-gel hydrolysis and hydrothermally-synthesized photocatalysts, respectively. An appropriate
film thickness would extend the transfer path of the electrons and inhibit the recombination of the
electrons and the electron-holes. The photo-degradation performance of DEP by the
hydrothermally-synthesized photocatalysts was better than those by sol-gel hydrolysis. The results
revealed that the hydroxyl radicals were the key oxidant in the degradation of DEP using
hydrothermally-synthesized PANi-CNT/TiOz2 photocatalysts. The morphology and functional
groups of the raw materials of photocatalysts were characterized and a comparison of photocatalytic
activity with other TiOz-based photocatalysts was also provided.

Keywords: diethyl phthalate; immobilization; photo-catalysis; polyaniline; TiO2-based
photocatalyst; visible light

1. Introduction

Phthalate esters (PAEs) are a variety of plasticizer that has been widely used in polyvinyl
chloride plastics, styrene, cellulose film coating, cosmetics, adhesives, pulp and paper manufacturing
[1,2]. PAEs are reported to be responsible for causing diseases such as liver cancer, breast cancers,
genital lesions and testicular atrophy [3]. During product manufacturing and waste dumping, many
phthalates-based chemicals are easily transferred to the environment because of their high water-
solubility. Diethyl phthalate (DEP) is one of the most frequently identified esters in diverse
environments, including surface marine water, freshwater, and sediments [4,5]. It was reported that
the exposure of Cyprinus carpio to DEP in a dose as low as a 1/500th fraction of LCso would result in
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metabolic changes and vitellogenin induction [6]. As PAEs are gradually accumulated in the
environment and cause harmful effects to humans, effective treatment methods to attenuate the
concentration of PAEs are needed.

Biodegradation, adsorption and oxidation processes have been attempted for the treatment of
DEP. The biodegradation process [7,8] requires a longer time and produces a large amount of sludge.
It has been reported that 83% of DEP was adsorbed by activated carbon at a pH of less than 7 [1]. Xu
et al. [9] found that the adsorption capacity of DEP by two commercial resins was greater than that
of activated carbon; however, these adsorbents need to be further treated, and the adsorption
performance is significantly related to aqueous pH, which results in a higher treatment cost and lower
treatment efficiency, respectively.

Among the oxidation processes, photo-catalysis has been recognized as one of the green
technologies for the elimination of the recalcitrant contaminants in aqueous environments. This
might be largely because this leads to the complete photo-destruction of various organic pollutants
without chemical input or output and with no sludge residue [10,11]. Titanium dioxide (TiO2) has
emerged as a photocatalyst leader for environmental decontamination, due to its high chemical
stability, low cost and strong oxidizing power under ultraviolet irradiation [12-14]. However, the
photocatalytic efficiency of TiO: is restricted in terms of meeting practical needs under visible light
irradiation because of the large intrinsic band gap (3.2 eV) of TiO2 [11,15]. A variety of effective
strategies have been adopted to enhance the photocatalytic efficiency of TiO:2 materials. One of the
most significant scientific and commercial advancements has been the development of visible light
active TiO2 by chemical modifications in the TiO: structure. Carbon nanotubes (CNTs) provide a large
surface area and stabilize the charge separation by trapping the electrons transferred from TiOz; hence,
they have been documented as good support materials for the enhancement of photo-induced
catalysis, such as photo-catalysis and photo-electro-catalysis [16,17]. Consequently, CNTs have been
used to upgrade TiO: materials with a high photo-catalytic activity, as demonstrated in various
publications [18-20]. The role of CNTs in TiOz-based photo-catalysis is as both as a stimulator,
enhancing the injection of photo-excited electrons from TiO2, and as an electron sink, effectively
separating electron-hole pairs; they also serve as a dispersing template to reduce the agglomeration
of TiO2 nanoparticles [21-23].

Recently, conjugated polymers (CPs) have attracted considerable attention because of their
excellent electron mobility and their distinguished ability to improve electrical conductivity,
corrosion resistance, environmental stability, solar energy transfer and the photocatalytic activity of
TiO2 [24-27]. They are suitable as stable photosensitizers to modify inorganic semiconductors such
as TiO2 to fabricate optical, electronic, and photo-conversion devices. The photo-sensitizers greatly
improved the charge separation efficiency and provided synergetic interactions between polymers
and TiO.. Polyaniline (PANi) was one of the conjugated polymers applied to enhance the
photocatalytic activity of TiO2 [28,29]. This was attributed to PANi acting as an efficient donor and
transferrer of electrons generated from PANi to the TiO2 conduction band [30]. The addition of
surfactants into sol-gel or hydrothermal solution as preparation for the photocatalysts could improve
the hydrophilic characteristics of photocatalysts and result in a good dispersion of the photocatalysts.
The commonly-used surfactants include sodium dodecyl sulfate (SDS), polyethylene glycol (PEG),
Tween 80 and Tween 20 [31]. Yavuz and Gok [32] reported that the addition of SDS would reduce
the degree of agglomeration of TiO2/PANi photocatalysts.

The development of immobilized photocatalysts is aimed at conquering the difficulty of
recycling powder photocatalysts. The preparation methods for immobilized photocatalysts include
sol-gel hydrolysis [33,34], hydrothermal synthesis [35], electrophoretic deposition [36], sputering [37]
and electrospinning [38]. The adhesion strength is related to the service life of photocatalysts, which
are varied with preparation methods. Among them, sol-gel hydrolysis and hydrothermal synthesis
are the most common methods, because of their low cost and extensive application. The support
material is critical for a successful immobilized photocatalyst. The important characteristics of
support materials include the following: (1) a strong adherence between the photocatalyst and the
support material; (2) no significant deterioration of the photo-catalytic activity by the preparation
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methods; (3) a high specific surface area; and (4) a strong adsorption affinity with the pollutants [39].
Due to their good thermal stability and light penetration, many types of glass were applied for photo-
degradation in wastewater; i.e., glass plates, glass beads, glass tubes and glass rings [40,41].

In this study, we present a series of surfactant-modified PANi-CNT/TiOz photocatalysts
immobilized on a glass plate to degrade DEP. The PANi-CNT/TiO:z photocatalysts were prepared by
co-doping with PANi and two functionalized CNT (CNT-COCl and CNT-COOH) onto TiO: followed
by sol-gel hydrolysis and hydrothermal synthesis. The comparison of the photo-catalytic activity of
PANi-CNT/TiOz photocatalysts prepared by two preparation methods was investigated in this study.
The morphology and functional groups of the photo-catalytic base materials, as well as the
characteristic absorption wavelength of PANi-CNT/TiOz, were also characterized.

2. Experimental Section

2.1. Reagents

Reagent-grade DEP, CsH4O4(C2Hs)2, with a purity greater than 98%, was purchased from Sigma-
Aldrich, St. Louis , MO, USA. Its chemical structure is similar to 173 estradiol, a natural hormone. As
DEP is released into the environment, it can disturb hormone reactions in humans. DEP exhibits a
higher affinity in the aqueous phase than in the soil phase, and the water solubility and the logarithm
value of the octanol-water partition coefficient were 1080 mg/L and 2.7 (at 20 °C), respectively [42].

Titanium tetraisopropoxide (TTIP), the titanium source of TiO was obtained from Sigma-
Aldrich, USA. Multi-wall carbon nanotubes (MWCNTs) were obtained from Centron Biochemistry
Technology Co. Ltd., Taipei, Taiwan, and their properties were described in the previous study [19].
Sulfuric acid and nitric acid were purchased by Wako Pure Chemical Industries, Ltd., Osaka, Japan,
which were used to functionalize the carboxyl group (-COOH) on the surface of the MWCNT.
Isopropanol and thionyl chloride (SOCl2) were purchased from Merck Ltd., Kaohsiung, Taiwan,
which were used to functionalize -COCI on the surface of the MWCNT. Dimethyl sulfoxide (DMSO)
was purchased from Tedia Company Inc., Japan, which was used as the hydroxyl radical (OHe®)
scavenger. Sodium dihydrogen phosphate, 2,4-dinitrophenylhydrazine and formaldehyde were
purchased from Merck Ltd., Taiwan, which were used to quantify the OHe.

2.2. Preparation of Immobilized SCPS, SGPS, HCPS, and HGPS Series Photocatalysts on a Glass Plate

The PANi-CNT/TiO:2 photocatalysts were prepared with titanium isopropoxide (TTIP), two
functionalized CNTs, PANi and SDS, followed by the sol-gel hydrolysis method and hydrothermal
synthesis. The addition of SDS was to modify the characteristics of the photocatalyst from being
hydrophobic to hydrophilic, which prevents the photocatalysts from agglomerating. Two
functionalized CNTs [18], CNT-COOH and CNT-COC], were used in this study, which have a more
homogeneous adherence to base materials and a stronger reactivity than unfunctionalized CNTs. The
PANi-TiO2/CNTs photocatalysts were prepared by sol-gel hydrolysis precipitation of titanium
tetraisopropoxide (TTIP) onto functionalized CNTs, followed by calcination or hydrothermal
treatment [19], which resulted in a di-crystalline TiO: with anatase/rutile of 82/18. The
PANi-CNT/TiO:z photocatalysts doped with CNT-COOH and CNT-COCI using sol-gel hydrolysis
were named as SCPS and SGPS series photocatalysts, respectively. Similarly, the composite
photocatalysts doped with CNT-COOH and CNT-COCI using hydrothermal synthesis were named
as HCPS and HGPS series photocatalysts, respectively. The nomenclature of the composite
photocatalysts was further based on the percentage of PANi and SDS; for example, SCP1S1 represents
the SCPS series photocatalysts prepared with 1% of PANi and 1 cmc of SDS. We prepared a specific
sol-gel solution (PANi/CNT-COOH/TiO: and PANi/CNT-COCI/TiOz2), the detailed preparation
methods of which were described in the previous study [18], and immobilized 0.5 mL of this sol-gel
solution on a glass plate (2.6 cm x 4 cm) by a spin-coater at 1000 rpm for 10 s and 5000 rpm for 50 s,
respectively. The immobilized glass plate was moved into 80 °C oven for 1 h and cooled to room
temperature. After the immobilized glass plate calcined in an oven at 550 °C for 1 h, the glass plate
was immobilized with SCPS and SGPS series photocatalysts were ready for tests. For HCPS and
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HGPS series photocatalysts, the 12 pieces of glass plates (2.6 cm x 4 cm) were soaked into 100 mL of
the above-mentioned sol-gel solution and were then moved into an autoclave to heat at 180 °C for 16
h. The immobilized HCPS and HGPS glass plates were washed with de-ionized water several times
and dried at 80 °C for 1 h and then ready for use.

The chemical characterizations of the SCPS, SGPS, HCPS, and HGPS series photocatalysts were
analyzed using scanning electron microscopy (SEM, Hitachi 54800, Tokyo, Japan), transmission
electron microscopy (TEM, Hitachi 54800, Tokyo, Japan), Fourier transform infrared spectroscopy
(FTIR, Perkin Elmer/Spectrum 100 Interior, Waltham, MA, USA) and a UV/Visible absorption
spectrometer (JASCO V-760, FL, USA). The functional group on the surface of the photocatalysts was
determined by FTIR. The charge characteristics of the photocatalysts in the aqueous phase were
determined using a zeta potential meter. The characteristic absorption wavelength of the composite
photocatalysts was analyzed using a UV-visible absorption spectrometer.

2.3. The Photocatalytic Degradation Tests

The photo reactor irradiated with 24 LED chips of 410 nm was established as shown in Hung et
al. [18]. The power of each LED chip was 10 W and resulted in a light intensity of 40 mW/cm?. Each
typical photo-catalytic experiment was conducted with four pieces of glass plates immobilized with
SCPS, SGPS, HCPS and HGPS series photocatalysts, respectively. The total immersed area of the
immobilized photocatalysts was 80.2 cm?. They were kept in suspension on a quartz cell containing
100 mL of 1 mg/L DEP at a pH of 7 for 120 min to investigate DEP degradation in this study. After
dark adsorption for 20 min, LED light was used to irradiate and conduct photo-catalytic batch tests.
An aqueous sample was taken every 20 min, and DEP was quantified using HPLC-UV (Waters 2695,
Milford, MA, USA) with the Macherey-Nagel RP18 column (10 cm x 4.6 mm, 2.7 pm) at 224 nm [18].
A pseudo first-order kinetic model according to the Langmuir-Hinshewood kinetic mechanism [43]
was applied to the photocatalytic degradation of DEP in this study. The apparent pseudo-first order
rate constant, ka, will be quantified by photocatalytic degradation tests.

The photo-degradation efficiency is related to the amount of OHe in the system. It is difficult to
directly quantify the OHe generated in the advanced oxidation system because of its high reaction
rate. An alternative method was developed to use an effective scavenger to react with OHe and then
quantify the production of products. The dimethyl sulfoxide (DMSO) acted as a scavenger in this
study, which was successfully confirmed by Wu et al [44]. Lindsey and Tarr [45] reported that one
mole of DMSO would react with 2.17 moles of OHe to produce 1 mole of formaldehyde. Hence, the
generation rate of hydroxyl radical was equal to 2.17 times of formaldehyde generation. The
concentration of formaldehyde was determined by HPLC-UV (Waters 2695, Milford, MA, USA) with
Mightysil RP18 column (25 cm x 4.6 mm, 5 pm) at 370 nm. The isocratic elution was set at 70%
methanol and 30% DI water with flow rate of 0.7 mL/min [46].

3. Results and Discussion

3.1. Characterization of PANI-CNT/TiO: Photocatalysts

All of the base materials for the PANI-CNT/TiO:z photocatalysts were prepared in this study. The
exactly-defined properties of the base materials are the key factors to prepare good
PANI-CNT/TiO: photocatalysts. The FTIR patterns of these base materials of TiO2, CNT-COOH, and
CNT-COClI are shown in Figure 1. The functional groups of Ti-O (3,400 1/cm), Ti-OH (1,624 1/cm),
and Ti-O-Ti (565 1/cm) were found in TiO: (Figure 1a), which were the characteristic functional
groups of TiO2 [47]. The functional groups of -OH (3,460 1/cm), C=O (1,670 1/cm), and C-O (1,400
1/cm) were characterized in CNT-COOH (Figure 1b), which agreed with Chang et al. [48]. Other than
-OH, C=0 and C-O, the functional group of —-CI (750 1/cm) was also found in CNT-COCI (Figure 1c),
which agreed with Inanaga et al. [49]. The results of the FTIR patterns confirmed that the carboxyl (-
COOH) and acyl chloride (-OCI) group had been successfully grafted on the carbon nanotubes. The
characteristic wavenumbers of PANi were characterized at 3,444 1/cm (N-H), 1,569 1/cm (C=C), 1,476
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1/em (C=N), 1,301 1/cm (C-N), and 1,122 1/cm (N=Q=N), and 801 1/cm (aromatic rings) [22,29], which
are also found in PANi prepared in this study (Figure 1d).

The UV-Vis spectra of PANi-CNT/TiOz photocatalysts are shown in Figure 2. The characteristic
adsorption wavelength of TiO: was determined at 387 nm. For CNT/TiO: photocatalysts, the
characteristic wavelength increased to 392-413 nm for the SCP0S0, SGP0S0, HCP0S0, and HGP0S0
photocatalysts, as shown in Figure 2a—d. This finding may be due to the functional group of C=O on
CNT-COOH and CNT-COCI, shown in Figure 1b,c, being excited when adsorbing a light source
greater than 400 nm. In addition to PANIi increasing from 1%-5%, the adsorption edge shifted from
421 to 423 nm, 415 to 440 nm, 403 to 417 nm, and 416 to 442 nm for the SCPS (Figure 2a), SGPS
(Figure 2b), HCPS (Figure 2c), and HGPS (Figure 2d) series photocatalysts. The PANi could adsorb
light with a wavelength greater than 490 nm [29], and consequently showed a distinguished red-shift
effect of the adsorption edge for the PANi-CNT/TiO:2 photocatalysts. The most distinguished red-
shift of the adsorption edge was found for the SGPS and HGPS series photocatalysts.
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Figure 1. The Fourier transform infrared spectroscopy (FTIR) spectra of base materials for
immobilized photocatalysts. (a) TiOz (b) CNT-COOH; (c) CNT-COCL; (d) PANi.

The anionic surfactant, SDS, with both hydrophobic and hydrophilic characteristics, could link
more PANi and photocatalysts together. The effects of the addition of SDS on the absorption edge of
the photocatalysts are shown in Figure 2e-h. The absorption edge was determined to be at 422, 422,
426 and 418 nm for the SCP350, SGP350, HCP3S0 and HGP3S0 photocatalysts. As the addition of SDS
increased from 1 cmc to 3 cmc (critical micelle concentration, 1 cmc = 8 mM), the red-shift of the
adsorption edge was insignificant for the SCPS and SGPS photocatalysts (Figure 2e—f). This may be
because the extra amount of PANi and CNT would be destroyed due to the high temperature in the
sol-gel hydrolysis. A distinguished red-shift of the adsorption edge was found for the HCPS and
HGPS series photocatalysts. With the addition of SDS up to 3 cmc, the adsorption edge shifted to 421
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and 437 nm for HCP3S3 and HGP3S3, respectively (Figure 2g-h). The addition of SDS would increase
the dispersion of PANi and CNT to result in more PANi coated on the TiOx.
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Figure 2. The UV-Vis absorption spectra of immobilized photocatalysts. (a)-(d) Effect of PANi on
SCPS, SGPS, HCPS, and HGPS photocatalysts (no SDS ); (e)-(h) Effect of SDS on SCP3S, SGP3S,
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3.2. The Morphology of PANi-CNT/TiO: Photocatalysts
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Doping various amounts of functionalized CNT and PANi on TiO: with either sol-gel or
hydrothermal methods, four series photocatalysts of PANi-CNT/TiO: were prepared in this study,
for which the SEM images are summarized in Figure 3. The SEM micrograph revealed that the degree
of agglomeration decreased in the direction from PANi of 1% to PANi of 5% for these four series of
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photocatalysts. This was in agreement with Radoici¢, et al. [50], which also showed that the surface
of TiO2 covered with more PANi would decrease the degree of agglomeration. Compared with
SCPS/HCPS photocatalysts (Figure 3a—d,i-l), the results showed that a smoother surface on the
SGPS/HGPS photocatalysts (Figure 3e-h,m—p) were found, which may be due to the binding strength
between COCI and Ti-OH being stronger than that between COOH and Ti—-OH [51,52]. Consequently,
less agglomeration of TiO2 would be formed on the surface of PANi-CNT/TiO: photocatalysts. As
PANIi increased up to 5%, a more compacted surface and less adsorption sites were found; however,
the results showed that the porous characteristics of the HCPS/HGPS (Figure 3i-1/3m-p)
photocatalysts were more significant than that on the SCPS/SGPS (Figure 3a—d,e-h) photocatalysts.
The PANiI-CNT/TiO: photocatalysts prepared with acyl chloride grafted CNT (CNT-COCI) by
hydrothermal synthesis exhibited a porous surface and resulted in more adsorption sites after doping.
The morphology of CNT, PANi, SGP3S3 and HGP3S1 visualized using a transmission electron
microscope (TEM) are shown in Figure 4. Queiny et al. [53] reported that the morphology of
CNT/PANi composites depends on the content of CNT and at a 2.7 wt % multiwall CNT loading,
MWCNT/PANi are formed as individual nanofibers. The percentage of CNT for the prepared
photocatalysts in this study was about 1%, so the morphology of SGP3S3 and HGP351 (Figure 4c,d)
was similar to that reported by Queiny et al. [53]. The results in Figure 4 also indicated that the length
of CNTs was approximately 165 nm, and PANi agglomerated as a cluster with a diameter of 830 nm.
According to the size of CNTs and PANi, the CNT/TiO2 was partially encapsulated by PANi polymer.
As shown in Figure 4c,d, it was obviously found that SGP353 and HGP351 were encapsulated with
a PANi film approximately 20-30 nm thick. According to the images of the SEM and TEM, the
morphology of the PANi-CNT/TiO: photocatalysts are proposed in Figure 5. The functionalized
CNTs provide a stronger binding with functional group of Ti-OH, especial for CNT-COCI, which
resulted in a high conductivity for CNT/TiO: photocatalysts. With the addition of PANj, its function
group of NH would graft with CNT/TiOz because of the free electron-holes of PANi attracting
electrons of CNT/TiO2 [53]. This led the absorption edge of PANi-CNT/TuO:x shift to visible light. The
addition of SDS would modify the hydrophobic characteristic of photocatalysts and link all the
components together, which might result in more free transfer paths for electron migration.
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Figure 4. The transmission electron microscopy (TEM) images of (a) CNT; (b) PANi; (c) SGP3S3; and
(d) HGP3S1.

Carbon nanotube(CNT) CNT+PANi CNT+PANi and SDS

Tio, CNT v oo PANi % SDS
&

Figure 5. The proposed morphology of immobilized PANi-CNT/TiO2 photocatalysts.

The addition of SDS into PANi-CNT/TiOz photocatalysts would modify the hydrophobic
characteristic of the photocatalysts and result in a thicker coating film. The thicker doping film will
extend the transferring path of electrons, which favors photo-degradation performance; however, the
thicker doping film will be easily detached. Hence, the optimal amount of SDS additive was the key
factor for preparing good PANi-CNT/TiO: photocatalysts. The results of the coating film thickness
for the SCPS/SGPS photocatalysts and the HCPS/HGPS photocatalysts are shown in Figure 6a,b,
respectively. The coating film thickness for the SCPS and SGPS photocatalysts was only 80 nm and
77 nm, respectively, with no addition of SDS. With the addition of 1-3 cmc of SDS, the coating film
thickness increased to 180-400 nm for the SCPS photocatalysts and 157-314 nm for the SGPS
photocatalysts, respectively. For the hydrothermal synthesis of photocatalysts with no addition of
SDS, the coating film thickness was 188 nm and 160 nm for the HCPS and HGPS photocatalysts,
respectively, which was 2.1-2.4 times greater than the SCPS/SGPS photocatalysts. With the addition
of 1-3 cmc of SDS, the coating film thickness increased to 571-1105 nm for the HCPS photocatalysts
and 889-1600 nm for the HGPS photocatalysts, which were 5.1-5.7 times greater than the coating film
thickness of the SCPS/SGPS photocatalysts. This revealed that the PANi-CNT/TiO: photocatalysts
prepared with acyl chloride grafted CNT (CNT-COCI) by hydrothermal synthesis in this study
exhibited a thicker coating film than SCPS/SGPS photocatalysts. Furthermore, the thickness of the
coating film was positively correlated with SDS concentration. This may be largely due to the various
preparation methods of the photocatalysts. The SCPS/SGPS photocatalysts were prepared using sol-
gel hydrolysis at a high temperature and resulted in the extra dopant being removed by the centrifuge
process. However, the HCPS/HGPS photocatalysts were prepared under a lower temperature, a
higher pressure, and a longer aging time. The SDS plays an important role in linking between PANi
polymers; this results in a thicker coating film, which agreed with Katoch et al. [54].
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Figure 6. Coating film thickness of photocatalysts after prepared by (a) sol-gel hydrolysis; and (b)
hydrothermal synthesis.

3.3. The Photodegradation of DEP by Sol-Gel-Synthesized PANi-CNT/TiO: Photocatalysts

The photo-degradation of DEP by the SCPS and SGPS series photocatalysts is shown in Figure
7a,b, which obeyed the pseudo first-order kinetic model with an apparent pseudo-first order reaction
rate constant (ka) of 2.7 x 10-3-3.3 x 10-% 1/min and 4.1 x 10-*-6.8 x 10-® 1/min as well as the regression
constant (R?) of 0.881-0.892 and 0.935-0.955, respectively. The photo-degradation of DEP was
22.1-31.0% by the SCPS photocatalysts and 35.3-48.0% by the SGPS photocatalysts at a neutral pH
under 410 nm irradiation for a 120 min irradiation. The results showed that the best photo-
degradation activity of the SCPS and SGPS series photocatalysts was found at the addition of 3 cmc
SDS. A positive correlation was found between DEP degradation and the apparent first-order rate
constant of DEP (ka).

The hydroxyl radicals are a strong oxidizing species subject to the degradation of organic
pollutants [28]. The graphs in Figure 7c,d illustrate the correlation between DEP degradation and the
hydroxyl radical generation rate, as well as coating film thickness for the SCPS and SGPS series
photocatalysts. A positive correlation was found between DEP degradation and coating film
thickness. A thicker coating film would inhibit the recombination of electrons and electron-holes due
to the extension of the electron’s transferring path, which resulted in the enhancement of photo-
catalytic activity. Furthermore, an increase of film thickness also increases the amount of TiO2 and
the area of the reaction field for photo-catalytic decomposition as judged from the porous structure
in Figure 3. All these factors should contribute to the photo-catalytic decomposition. With the SDS
concentration increased to 3 cmc, the hydroxyl radicals’ generation rate increased greatly, from
6.2 x 1070 to 6.4 x 10 M/s for SCPS photocatalysts and from 3.3 x 1070 to 8.3 x 10~ M/s for SGPS
photocatalysts. The DEP degradation was also positively correlated with the hydroxyl radical
generation rate, except for SCP352 and SGP3S2. Jiménez et al. [40] reported that the defect sites easily
accumulated electrons and promoted their attachment on O: to produce powerful superoxide
radicals (Oz"®) in the photo-catalytic system. The superoxide radicals (Oz"®) might be another key
oxidant to degrade DEP for SCP3S2 and SGP3S2. In the investigated systems, the hydroxyl radical
generation rate and the coating film thickness may be considered for the evaluation of the catalytic
activity of photocatalysts.
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Figure 7. (a,b) Photodegradation of diethyl phthalate (DEP) by sol-gel hydrolysis photocatalysts
([DEPJo = 1 mg/L; pH = 7; A = 410 nm; I = 40 mW/cm? Irradiation time = 120 min); (c,d)
Photodegradation efficiency of DEP by sol-gel hydrolysis photocatalysts vs. hydroxyl radical
generation and coating film thickness.

3.4. The Photodegradation of DEP by Hydrothermally-Synthesized PANi-CNT/TiO: Photocatalysts

The photo-degradation of DEP by the HCPS and HGPS series photocatalysts is shown in
Figure 8a,b, which obeyed the pseudo first-order kinetic model with an apparent pseudo-first order
reaction rate constant (ka) of 2.7 x 103-5.7 x 10-% 1/min and 3.9 x 103-5.6 x 10-% 1/min as well as the
regression constant (R?) of the 0.939-0.980, respectively. The photo-degradation of DEP was
32.2-48.7% by HCPS photocatalysts and 41.1-50.8% by HGPS photocatalysts at a neutral pH under
410 nm irradiation for 120 min. The results showed that the best degradation of DEP was found with
the addition of 1 cmc of SDS. Organic residuals in the composite is an important factor of
photo-catalytic activity. In the hydrothermal method, more SDS and PANi should remain in the
composite, because the heating temperature was only 180 °C. For hydrothermal-treated
photocatalysts, TiO:z in the composite may decompose not only DEP but also SDS and PANi. The
organic residuals possibly decrease the decomposition rate of DEP. It could be a reason for the
decrease of the photo-catalytic activity with a large amount of SDS. Besides this, photo-catalytic
performance was dominated not only by the generation rate of reactive oxygen species (ROS, i.e.,
OHe, superoxide radicals) but also by the adsorption strength of chemicals on photocatalysts. The
pHzrc of SCPS and SGPS series photocatalysts was in the range of 5.21-5.36 and 5.89-6.36. The pHzrc
of HCPS and HGPS series photocatalysts was in the range of 5.41-7.10 and 5.99-7.31. Hence, for the
degradation of DEP, the photo-catalytic activity of hydrothermally-synthesized photocatalysts was
better compared to the sol-gel hydrolysis photocatalysts at a neutral pH.

The graphs in Figure 8c,d illustrate the correlation between DEP degradation and the hydroxyl
radical generation rate, as well as coating film thickness for the HCPS and HGPS series photocatalysts.
A positive correlation was found between the degradation of DEP and the hydroxyl radical
generation rate. It indicated that the hydroxyl radical was the key oxidant to degrade DEP, which
was different from the sol-gel hydrolysis photocatalysts. The coating film thickness may be another
key factor that affects the degradation of DEP. The coating film thickness was greater than 1000 nm
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for the HCP3S2 and HCP3S3 photocatalysts, which was up to 1.8 times and 2.0 times greater than
that of HCP3S1 and HGP3S2, respectively. The thicker coating film may be easily detached in the
photocatalytic system and results in less generated hydroxyl radicals, as shown in Figure 8c,d, which
was also agrees with Shan et al. [41]. It can be inferred that the degradation of DEP was dominated
by the coating film thickness of the immobilized photocatalysts.
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Figure 8. (a,b) Photo-degradation of DEP by hydrothermally-synthesized photocatalysts ([DEP]o = 1
mg/L; pH =7 ; A =410 nm; I = 40 mW/cm?, Irradiation time = 120 min); (c,d) Photo-degradation
efficiency of DEP by hydrothermally-synthesized photocatalysts vs. hydroxyl radical generation and
coating film thickness.

3.5. Characteristics and Photocatalytic Activity of PANi-CNT/TiO: Photocatalysts

The contribution of CNT, PANi and SDS to the photo-catalytic activity of surfactant modified
PANi-CNT/TiOz prepared in this study irradiated with 410 nm is shown in Figure 9. The results
showed that, with addition of PANi, the reaction rate constants of SC and HC photocatalysts
increased from 0.41 x 10 1/min to 2.4 x 10 1/min and from 0.57 x 10 1/min to 2.70 x 10-°
1/min, respectively, which showed that 4.8-5.9 times of photocatalytic activity were enhanced. For
SG and HG photocatalysts, only 1.1-1.2 times of reaction rates were increased. With the addition of
SDS, 1.4-1.8 time and 1.1-1.4 time of photocatalytic ativity was increased for hydrothermally-
synthersized photocatalysts (HC and HG) and sol-gel-synthesized photocatalysts (SC and SG),
respectively. For sol-gel-synthesized photocatalysts, both PANi and SDS were important to enhance
the photo-catalytic acticity, whereas, for hydrotermally-synthesized photocatalysts, the contribution
of SDS to photocatalytic activity was more critical.
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The cyclic runs of the photo-degradation of DEP with immobilized surfactant-modified
PANi/CNT/TiOz2 photocatalysts were conducted to evaluate their photo-catalytic stability and
recyclability. The four investigated photocatalysts were repeatedly tested up to five times; the results
of which are shown in Figure 10. The five-cycle repeated photo-catalytic degradation efficiency of
DEP for SCP3S3 was 42.1%, 44.2%, 43.2%, 42.2% and 40.3%, respectively. This showed that the
degradation efficiency for SCP3S3 was only 1.8% less after being used five times. For SGP3S3, the
five-cycle repeated photo-catalytic degradation efficiency of DEP was 49.8%, 51.5%, 51.1%,50.9% and
50.0%, respectively, which showed that the degradation efficiency of DEP at the fifth cycle was similar
to that at the first cycle. For HCP3S1, the five-cycle repeated photo-catalytic degradation efficiency of
DEP was 48.7%, 50.7%, 47.9%, 47.9% and 40.5%. This showed the degradation efficiency for HCP3S3
was 8.3% less after being used for five cycles. For HGP3S], the five-cycle repeated photo-catalytic
degradation efficiency of DEP was 50.8%, 51.5%, 46.6%, 41.3% and 38.7%. Compared to the other
three photocatalysts, the degradation efficiency for HGP3S3 after being used for five cycles was
significantly decreased. The results in Figure 10 illustrated that the photo-catalytic performance at
the first cycle for all photocatalysts was not superior to those of the other subsequent uses. This agreed
quite well with Hung et al. [18] and Sriwong et al. [55], who reported that the surface of the
photocatalyst was covered with trace impurities when freshly prepared. The photo-catalytic activity
of all immobilized photocatalysts were stable for at least five cycles.

Table 1 summarizes the photo-catalytic activity of TiO:-based photocatalysts. The photo-
catalytic activity is closely related to many factors, including the anatase/rutile ratio of TiOz,
chemicals/concentration, light source/intensity, dopant and preparation methods. The results
showed that the addition of PANi into TiO2-bsed photocatalysts made less of a difference to photo-
catalytic activity under UV and visible light irradiation [29,56-58]. Nevertheless, a better photo-
catalytic performance of TiO:-based photocatalysts without PANi addition was found when
irradiated with UV light [59,60]. The reaction rate constants of PANi-CNT/TiO2 photocatalysts
(1.8 x 103-5.7 x 10 1/min) were similar or even higher than most of those TiO2-based photocatalysts
listed in Table 1. Radoici¢ et al. [50] reported a higher rate constant (1.8 x 10>-7.8 x 102 1/min) of
PANi/TiO: photocatalysts under simulated solar light than that found in this study. This might be
largely because of a higher rutile phase (38%) than the PANi-CNT/TiO: prepared in this study. The
superiorities of the PANi-CNT/TiO: photocatalysts were revealed because of the recalcitrant
characteristics of diethyl phthalate. It can be expected that the development of PANi-CNT/TiO:
photocatalysts with a higher percentage of their rutile phase will enhance the photo-catalytic activity
in the visible spectrum.

Compared with other TiO:-based photocatalysts listed in Table 1, three advantages of
PANi-CNT/TiOz photocatalysts prepared in this study were found. The first was that the di-
crystalline phase of TiOz, the anatase/rutile phase of 82/18, inhibits the recombination of the electron
and the electron-hole. Second, the addition of SDS led to a thicker doping film and extended the
transfer path of electrons. Third, the characteristics of the long wavelength absorption of PANi shifted
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the absorbing edge of the PANi-CNT/TiO: photocatalysts to visible light, which enhanced the
photocatalytic activity in the visible spectrum.

cre,

CIE;

ere;

gie.
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Table 1. Comparative photocatalytic performance of TiO:-based photocatalysts.
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TiO2Source;
¢ Pol ; Ligh ; hemicals; Reaction R
References Preparation Method; Dopant olymetr Surfactant '8 t.Source, Chemica 5 eaction at.e Constant
A/R * Concentration Intensity/Power Concentration (1/min)
Lietal, [s6] ~ ‘crabutyl titanate; sol- - PANi; 1.6-8.2 wt - A>400nm;300W  phenol; 50mg/L 2.7 x 10331 x 10%
gel hydrolysis; 100/0 Jo
Huang et al., FesO4/Sloz/T102.(TBT); Fe:04/Si0:  PANi; 2-4.2 wt % ) 420 m.n; Methyl blue; 10 95 x 104-13 x 103
[57] sol-gel hydrolysis; 100/0 not mentioned mg/L
UVB (280~315 nm); 1nss
Radoidi¢et  TiCls; sol-gel hydrolysis; PANi; 0.5-1.5 wt 3W ﬁ?j’;ﬂﬁéo ) Olff 32 x 102-12 x 103
al., [29] 100/0 % UVA (315~400 nm); ’ 94 x 10454 x 103
M
13.6W
Yangetal, oy il -, not mentioned Cr PAN not - A=2537nm; 15w PNiophenolnot -y oo 105x100
[58] mentioned mentioned
TiO2/CNT: 4x10%
TiO2/CNT-7%Cu:
Nourbakhsh ~ TTIP; sol-gel hydrolysis;  Cu: 2-13% Methyl orange; 5 x 10%
7 = y . o, _ _ . 4 5 ~10% .
etal,, [59] 50/50 CNT: 11% UV325nmy 15W not mentioned TiC:/ CI\LT 11()?1{ Cu: 13
TiO2/CNT-20%Cu:
2.3 x 107,
Zouzelka, et TTIP; hydrothermal; ) 4-Chlorophenol; - "
al,, [60] 100/0 CNT - - UV 365 nm; 11 W 0.1 mM 3.5 x 103-3.6 x 10
o TiCls; chemical . . . ' '
Radoidi¢ et oxidative [TiO2]/PANI] = 20— Simulated solar Methylene blue 1.8x102-7.8 x102
al., [50] .. 80 (mole ratio) light Rhodamine B 1.7x102>-3.3 %102
polymerization; 62/38
. TiCls; sol-gel hydrolysis; . o 1o UV 325 nm; C1ns N B
Lietal., [61] 100/0 - PANi: 10-20 wt % SDS: 1% 0.5-1 mW/cm? Methyl blue; 10°M 1.4x10°-1.5 x10
Thisstudy 1L sobgelhydrolysiss  oip o0 paNi1awes% PO P 410 nm; 40 mwjeme  Dicthyl phthalate; 1 2.8x10°— 6.8x10%
82/18 cme mg/L
TTIP; hydroth 1 . SDS: 1-3 Diethyl phthalate; 1
This study yarotierta CNT:1%  PANi:1-3 wt % 410 nm; 40 mW/em2 o PEatate 1.8x10°-5.7x10%
synthesis; 82/18 cmce mg/L

* A/R: crystalline phase ratio of anatase /rutile.
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4. Conclusions

A novel CNT/TiO:z photocatalyst modified with PANi and SDS immobilized on a glass plate
prepared with sol-gel hydrolysis and hydrothermal synthesis was investigated to evaluate the photo-
catalytic performance of DEP under visible light in this work. The properties of highly conducting
and absorbing visible light for PANi enable both the easy release of electrons and the shift of the
characteristic absorption edge of photocatalysts to the visible spectrum. The anionic surfactant, SDS,
increases the dispersion of PANi and results in more PANi homogeneously coated on the TiOz. The
important conclusions in this work are as follows:

1. Owing to PANi with the characteristics of absorbing visible light, the adsorption edge of
surfactant- modified PANi-CNT/TiO2 photocatalysts shifted up to 442 nm when PANi addition
was increased up to 5%. The most distinguished red-shift of the adsorption edge was found for
the SGPS and HGPS series photocatalysts.

2. The anionic surfactant, SDS, plays an important role in determining a link between the PANi
polymers and the coating film up to 314-400 nm and 1301-1600 nm for so-gel hydrolysis and
hydrothermally-synthesized photocatalysts, respectively. An appropriate coating film thickness
would extend the transfer path of electrons and inhibit the recombination of electrons and
electron-holes. Hence, the coating film thickness of immobilized photocatalysts may be
considered for the evaluation of the photo-catalytic activity.

3. The degradation of DEP by both sol-gel synthesized PANi-CNT/TiOz photocatalysts and
hydrothermally-synthesized PANi-CNT/TiO: photocatalysts obeyed the pseudo first-order
kinetic model. The photo-degradation of DEP by hydrothermally synthesized PANi-CNT/TiO:
photocatalysts under 410-nm irradiation was better than that by sol-gel hydrolysis
PANi-CNT/TiO2 photocatalysts. This may be due to the lower fraction of PANi and CNT which
was found in the sol-gel hydrolysis photocatalysts due to their high-temperature preparation.

4.  The results of the hydroxyl radical quantification revealed that the hydroxyl radicals were the
key oxidant for the degradation DEP for the hydrothermally-synthesized PANi-CNT/TiO2
photocatalysts, but this was not true for the sol-gel hydrolysis photocatalysts. Further
investigation is needed for the generation of any other radicals, such as superoxide radicals
(Oze), in the sol-gel hydrolysis photocatalysts’ system, in order to clarify the degradation
mechanisms.

5. For sol-gel-synthesized photocatalysts, both PANi and SDS were important to enhance the
photo-catalytic acticity; whereas, for hydrotermally-synthesized photocatalysts, the contribution
of SDS to photocatalytic activity was more critical. Their photocatalytic activities were stable for
at least five cycles. The surface of the photocatalyst was covered with trace impurities when it
was freshly prepared; hence, the photo-catalytic performance at the first cycle for all
immobilized photocatalysts was not superior to those of the other subsequent uses.
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