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Rational design of a polypyrrole-based competent
bifunctional magnetic nanocatalystT

Wael A. Amer, {92 Basel Al-saida©2° and Mohamad M. Ayad (& *a<

The combination of conducting polymers with semiconductors for the fabrication of organic/inorganic
hybrid nanocatalysts is one of the most promising research areas for many applications. In this work, the
synthesized nanocomposite combines several advantages such as the photoresponse shift from the UV
region toward visible light by narrowing the band gap of the semiconductor, magnetic separation ability
and dual applications including the catalytic reduction of p-nitrophenol (PNP) and the photocatalytic
degradation of methylene blue (MB) dye. In addition to the core magnetite nanoparticles (NPs), the
synthesized nanocomposite contains polypyrrole (PPY) and TiO, shells that are decorated with silver
metal NPs to prevent electron—hole recombination and to enhance the catalytic performance. Indeed,
the catalytic PNP reduction experiments reveal that the synthesized nanocomposite exhibits significantly
high catalytic activity with a rate constant of 0.1169 min~. Moreover, the photocatalytic experiments
show that the synthesized nanophotocatalyst has a boosting effect toward MB dye degradation under
normal daytime visible light irradiation with a rate constant of 6.38 x 1072 min~*. The synergetic effect
between silver NPs, PPY and TiO, is thought to play a fundamental role in enhancing the photocatalytic

rsc.li/rsc-advances activity.

1. Introduction

Nowadays, catalysis is described as a central field of nano-
science beside its essential role in “Green Chemistry”. Catalysis
is divided into two divisions, homogeneous and heterogeneous.
Homogeneous catalysts have several advantages such as high
selectivity and good yield, but the difficulty of catalyst separa-
tion and recovery from the final product are critical challenges
and thus heterogeneous catalysts are considered to be more
practical for their stability at high temperatures, inexpensive
recycling, and their easy removal from the reaction medium.* A
wide range of heterogeneous nanocatalysts were used in envi-
ronmental applications specifically to reduce/degrade organic
compounds.>® For example, Au-Pd nanocatalyst was prepared
and used for the catalytic reduction of o-nitrophenol. Naked Ni
nanocatalyst was synthesized for p-nitrophenol (PNP) reduc-
tion, but the problem with this nanocatalyst lies in its aggre-
gation and partial sintering that could result in its deactivation.*

Due to such kind of problems, composites of nanomaterials
with conducting polymers attracted much attention in the
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recent decades, and the study of this kind of nanocomposites
has becoming one of the most active and promising research
areas. Polypyrrole (PPY)-based nanocomposites have a great
deal of attention, due to their easy synthesis, high electrical
conductivity, high absorption coefficient in the visible light,
charge carriers with high mobility, and the good environmental
stability.> On other hand, PPY is infusible, insoluble and
exhibits pauper processability. To overcome these problems,
PPY composites with metal nanoparticles (NPs) were synthe-
sized with significant strategies. For example, PPY@Ag
composite was synthesized via the direct redox reaction
between AgNO; and pyrrole for the reduction of PNP by NaBH,,
but 44 minutes were required for the reduction process, and the
kinetic reaction rate constant was estimated to be very small
(0.011 min~").® PPY-coated cotton fabric decorated with silver
NPs was synthesized for the catalytic reduction of PNP in which
32 minutes were necessary to complete the reduction process
using 1 mg of catalyst and a relatively small kinetic rate constant
(0.0371 min~') was obtained.” Nowadays, the polymer-based
three-component research became an important issue, such
as a-Fe,0;/PPY/Ag which was synthesized for the reduction of
sodium m-nitrobenzene sulfonate with which 4 mg of the
nanocatalyst required a relatively long time to complete the
reduction process.®

In addition, PPY composites with different inorganic mate-
rials such as TiO,, ZnO, CdS, SnO,, CuO and CeO°**> were widely
synthesized. Among these materials, titanium dioxide is an
excellent photocatalyst due to its effectiveness, photostability,
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availability, reusability and non-toxicity.”* TiO, shows high
photocatalytic activity due to its low band gap = 3.2 eV.**
Furthermore, the coating of TiO, with PPY could attenuate the
agglomeration and show firmer absorbance than bare TiO,."
PPY-modified TiO, nanocomposites respond easily toward the
visible light as PPY narrows the band gap of TiO, and thus the
band gap energy value for PPY-TiO, nanocomposites becomes
smaller than that of TiO,."* Wang et al. improved TiO, proper-
ties with PPY via the in situ polymerization of pyrrole hydro-
chloride employing ferric chloride as an oxidizing agent in the
presence of TiO,. The TiO, aggregations were reduced by PPY
modifications, but 450 mg of this nanocatalyst were used for
methyl orange degradation under the sun light with a low
degradation rate constant (0.0086 min~").”

The updated research trends involve the incorporation of
additional components, such as noble and/or transition metals,
in the TiO,/PPY structures. The doping TiO,/PPY structures
with silver, palladium and gold attracted much attention due to
their high conductivity, excellent catalytic behavior, and the
surface plasmon resonance in visible light region in addition to
the synergistic effect for narrowing of TiO, band gap and
enhancing the photocatalytic activity.'* Moreover, the interac-
tion between metal NPs and PPY chains is expected to prevent
or reduce the leaching of the metal NPs into the solution.' PPY/
TiO, nanocomposites were used as nanoreactors for loading Pd
nanocatalysts towards PNP reduction.” Silver NPs were exten-
sively used with different substrates due to their significantly
optical properties, unique electrical and antibacterial proper-
ties.”* Kuo et al. prepared Ag/TiO, films on glass substrates by
radiofrequency sputtering and a good performance was ob-
tained for dye degradation but the problem lies in the compli-
cated synthetic procedures.?

Out of our knowledge, few research deals with four
components-based nanocatalysts. Additionally, most of the
current research focuses on the design of nanocatalysts with
multifunctional behavior. In the present study, we described
procedures for the synthesis of a low cost and efficient magnetic
nanocatalyst composed of four-components of Ag-PPY/TiO,@-
Fe;0, (MTPS). The synthesized magnetic nanocomposite acts as
a highly efficient magnetic nanocatalyst with a synergetic effect
between all its components: PPY, TiO,, magnetite (Fe;0,4) and
Ag NPs. Magnetite seeds act as a core to facilitate the separation
process of the catalyst from the solution by applying an external
magnetic field.”® The magnetite incorporation in other matrices
can prevent the air oxidation and the agglomeration of
magnetite particles.>* Due to their excellent surface energy and
magnetic properties, Fe;O, NPs are thermodynamically
unstable and prone to agglomeration. Hence, the modification
or the formation of a coating on the magnetic NPs could serve as
a protective layer against oxidation and some extreme chemical
environments.” In our work, the silane agents APTES was used
for the direct surface modification of Fe;0, NPs to obtain high
density surface of -NH, functional groups that facilitate the
next step of TiO, functionalization, which was performed in
alkaline conditions using titanium n-butoxide (TBOT) as
a precursor. Afterward, Fe;O0,@TiO,/PPY nanocomposite was
decorated with Ag NPs, which are relatively the most suitable
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noble metal for industrial applications due to its easy prepara-
tion and low cost. Subsequently, the MTPS nanocomposite was
fully characterized by X-ray diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM), energy dispersive X-ray (EDX), and transmission electron
microscopy (TEM). The catalytic efficiency of MTPS nano-
composite was evaluated toward the reduction of PNP as
a model of the most hazardous and toxic nitroaromatic
compounds. Furthermore, the photocatalytic activity of the
synthesized MTPS nanocomposite toward the degradation of
methylene blue (MB) dye was studied as well. All reactions were
carried out under the day visible light and at room temperature.

2. Experimental

2.1. Chemicals

Pyrrole (Aldrich) was kept below 5 °C in the absence of light.
Anhydrous FeCl; 98% (Aldrich), 3-triethoxysilylpropylamine
(APTES, 99%, Aldrich), FeCl,-4H,0 (Aldrich), titanium n-but-
oxide (Sigma Aldrich, TBOT), NaOH pellets (LobaChemie, India)
were used as received. NH,OH solution (25 wt%), silver nitrate
(BDH, UK), sodium boron hydride (NaBH,) (Johnson Matthey,
UK), 4-nitrophenol (PNP) (Sigma Aldrich), and methylene blue
(MB) were used without further purification.

2.2. Synthesis of magnetite (Fe;0,)

Firstly, FeCl;-6H,0 (4 mL, 2 M) and FeCl,-4H,0 (2 mL, 2 M)
were mixed and stirred for 45 min at 30 °C. The molar ratio of
Fe(ur)/Fe(un) was kept 2. Under N, gas atmosphere, ammonia
solution (100 mL, 1 M) was added dropwise to the previous
solution and pH of the mixture was adjusted to 10. The solution
was stirred for about 1 h until black Fe;O, particles appeared.
The product was filtrated and rinsed with distilled water and
methanol until neutral filtrate was obtained. The produced
Fe;0, NPs were eventually dried at 60 °C for 24 h.*®* The
following reaction describes the formation of Fe;0, NPs.*”

Fe(aq)” + 2Fe(aq)+3 + SOH(aq)7 - FC304(S) + 4H20(1)

2.3.
NPs

Preparation of functionalized magnetite (Fe;0,-NH,)

To a magnetite ethanolic suspension (5 mg mL™"), (3-amino-
propyl)triethoxysilane (APTES) (0.8 mL) was added and the
mixture was stirred under N, atmosphere for 4 h. Fe;0,-NH,
NPs were collected magnetically and rinsed with ethanol and
deionized water three times.?

2.4. Synthesis of Fe;0,@TiO, nanospheres

Fe;0,-NH, NPs were dispersed in a mixed solvent of 250 mL
ethanol and 90 mL acetonitrile. The dispersion was sonicated
for 15 min and 1.5 mL of NH,OH solution (25 wt%) was added.
Next, the reaction mixture was kept under mechanical stirring
for 30 min and 3 mL of TBOT (previously dissolved in 20 mL of
ethanol) was added under mechanical stirring at 30 °C for 1.5 h

This journal is © The Royal Society of Chemistry 2019
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to get Fe;0,@TiO, core/shell nanospheres. The product was
magnetically collected, separated and washed with absolute
ethanol three times.®

2.5. Synthesis of Fe;0,@TiO,/PPY nanocomposite

0.03 g of Fe;0,@TiO, was dispersed in 200 mL of 1 M HCI and
sonicated for 30 min. Pyrrole (0.756 mL) was added dropwise
with vigorous stirring to the previous suspension for 30 min.
Subsequently, FeCl; (4.33 g in 27 mL deionized water) was
quickly added to polymerize the adsorbed pyrrole on Fe;O,@-
TiO,. The reaction was kept for 24 h at 5 °C and the product was
collected with a magnet and rinsed with water and ethanol three
times then the composite was dried for 15 h at 60 °C.*

2.6. Synthesis of MTPS nanocomposite

0.2 g of Fe;0,@TiO,/PPY nanocomposite was dispersed in
200 mL NH,OH (0.1 M) and stirred for 4 h. After filtration, the
nanocomposite was added in another 200 mL of NH,OH (0.1 M)
for 4 h and filtered. The product was collected, rinsed with
ethanol and distilled water three times, and dried at 60 °C for
24 h. The final product was dispersed in AgNO; solution (0.005
M) and stirred for 8 h and then the resulting nanocomposite
was collected magnetically.** Scheme 1 shows the synthesis
procedures of MTPS nanocomposite.

2.7. Catalytic activity of MTPS nanocomposite

To evaluate the catalytic efficiency of MTPS nanocomposite, the
reduction of PNP to p-aminophenol (PAP) using NaBH, as
a reductant was selected as a model reaction. The catalytic
reduction reaction was executed in a standard quartz cuvette,
2.5 mL of 7 x 107> M of alkaline PNP solution was mixed with
1 mg of the nanocatalyst, and the absorption spectra were
recorded. Afterward, 0.5 mL of freshly prepared NaBH, solution
(10 mg mL ") was added to the previous solution, then the
reduction progress was monitored via the measurement of the
absorption spectra over time.**

2.8. Photocatalytic activity of MTPS nanocomposite

The photocatalytic activity of MTPS nanocomposite was evalu-
ated by studying the degradation of MB dye solution as a model
reaction under the normal day visible light at room tempera-
ture. 40 mg of the nanocatalyst was dispersed into 100 mL
aqueous MB solution (4 mg L™ "). Before visible light irradiation,
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the suspension of MB dye and the nanocatalyst was stirred for
15 min in the dark for establishing equilibrium between
adsorption and desorption of MB dye on the nanocatalyst's
surface. The absorption peak of MB at 664 nm was used for
following the photocatalytic degradation process.*?

2.9. Characterization

X-ray powder diffraction patterns (XRD) of the products were
obtained on a Japan Rigaku D Max-YA rotation anode X-ray
diffractometer equipped with graphite monochromatized Cu
Ko radiation (A = 1.54178 A). The bulk (as well as the elemental
mapping) and the surface morphology of the MTPS nano-
composite were examined using a transmission electron
microscope (TEM) (JEM-2100F) at 200 kV and a scanning elec-
tron microscope (SEM) (Hitachi S4800) with 5 kV accelerating
voltage, respectively. The magnetic properties were investigated
using a vibrating sample magnetometer (VSM). A Bruker,
Tensor 27 FT-IR spectrophotometer was used to measure the
Fourier transform infrared spectra (FT-IR) in a frequency range
of 4000-400 cm™'. A UV spectrometer, UVD-2960 (Labomed
Inc.) was exploited for recording the UV-vis absorption spectra.
The UV-vis diffuse reflectance spectra (DRS) were recorded
using Shimadzu UV-2450 spectrophotometer.

3. Results and discussion

X-ray diffraction (XRD) enables the identification of the phase
and crystallinity of the synthesized MTPS nanocomposite.
Fig. 1A represents the diffraction patterns of Fe;O, at 20
equivalent to 30.2°, 35.74°, 43.12°, 53.51°, 57.19° and 62.78°
that can be indexed to (kkl) reflection peaks of [220], [311], [400],
[422], [511] and [440], respectively for face centered cubic (FCC)
phase of magnetite.>® After the coating with a TiO, layer, char-
acteristic diffraction peaks appeared at 25.3° and 37.9° that
matched the standard anatase TiO, crystal planes of [101] and
[004], respectively (JCPDS 21-1272). The other diffraction peaks
that are characteristic to the crystal planes of the standard
anatase TiO, were fused with the peaks of magnetite. In Fig. 1C,
a broad peak around 25° is associated with the presence of
amorphous PPY** indicating that amorphous PPY exists on the
surface of TiO,,* while the peaks ascribed to the [111], [200],
[220] and [311] planes of FCC of Ag phase appeared at 26 of 38°,
44°, 65° and 77° (JCPDS card no. 040783).*® The peak of Fe;0,
located at 26 ~ 35.7° was found to be merged with the [111]

Q@ Fes04 O Tio, _A pPY O Ag

ATPES % TBOT Pyrrole AgNO,
—_— (6 —— —_—
» FeCl,

Fe;0,4 Fe;04.NH, Fe;0,@TiO,

Scheme 1 The formation mechanism of MTPS nanocomposite.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 XRD patterns of the prepared FesO4 NPs (A), Fez0,4@TiO,
nanospheres (B), and MTPS nanocomposite (C).

anatase phase of Ag during the formation of MTPS nano-
composite. Moreover, the presence of a new peak at 26 ~ 77°
corresponds to (311) anatase phase of Ag, which confirms the
presence of Ag NPs and hence the formation of MTPS nano-
composite is confirmed.

The structural information and chemical components of
MTPS nanocomposite were identified by the FTIR spectra
(Fig. 2). As shown in (Fig. 2A), the characteristic peak of Fe;0, at
589 cm ™' arose from the stretching vibration of Fe-O bond.*”
The peaks at 3409 and 1618 cm ™' are attributed to the -NH,
group bending and primary amine vibration.*® In Fig. 2B, the
peak at 1364 cm ™' is attributed to the stretching vibration of Ti-
0, while the broad band in the range 500-700 cm ™" resulted
from the overlapping of Ti-O and Fe-O peaks.*® For Fe;0,@-
TiO,/PPY nanocomposite (Fig. 2C), the peak at 3429 cm ™" is due
to the vibration of N-H, and the peaks at 1349 and 1614 cm ™"
are induced by C-N and C=C on the pyrrole ring, respectively.*
In Fig. 2C, it was observed that the intensity of the peak at 400-
700 cm ! is lower than that in the spectrum of Fe;0,@TiO,,
which may be ascribed to the wrapping of TiO, with PPY.** Upon
anchoring Ag NPs, the peak at 1614 cm ™' of C=C shown little
shift, with decreasing intensity, to 1545 cm™' due to silver
coordination with the nitrogen atoms of PPY (Fig. 2D).*"*
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Fig. 2 FTIR spectra of the FesO4 NPs (A), and Fes04@TiO, nano-
spheres (B), Fes04@TiO,/PPY nanocomposite (C), and MTPS nano-
composite (D).

Furthermore, a strong peak at 1383 cm™ ' was clearly observed
due to the counter nitrate anion (NO;™) stretching,” and the
interactions between Ag NPs and PPY interface.** This peak was
much stronger than in Fe;0,@TiO,/PPY nanocomposite, which
can be attributed to the amplified contribution of the charge-
transfer effect between the PPY chains and silver NPs.*

The bulk morphology of the synthesized nanocomposites
was examined by measuring their TEM images. Spherical Fe;0,
NPs in a diameter of ~10 nm were observed in Fig. 3A with
uniform distribution without any serious aggregation. After
coating with TiO, (Fig. 3B), a layer of TiO, (~30 nm thickness)
was formed, and the TiO, layer was dispersed uniformly. In
addition, the dense array of Fe;O,@TiO,/PPY is shown in
Fig. 3C. The size of Fe;0,@TiO,/PPY nanocomposite appears to
be greater than that of the Fe;0,@TiO, nanospheres that is an
evidence for the successful deposition of PPY onto Fe;O,@TiO,
nanospheres as a matrix. For Fe;0,@TiO,/PPY nanocomposite,
the TiO,/PPY shells are about 60 nm in thickness and the
average size of Fe;0,@TiO,/PPY nanostructures is about 80 nm.
Hence, the presence of PPY in the composite is able to reduce
the TiO, NPs agglomeration. However, the TEM image of MTPS

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 TEM images of (A) FesO4 NPs, (B) Fes0,4@TiO, nanospheres, (C) Fes04@TiO,/PPY nanocomposite, and (D) MTPS nanocomposite.

nanocomposite is presented in Fig. 3D that shows uniform
distribution of Ag NPs without serious aggregations, and some
black dots clearly observed that Ag NPs deposited on the poly-
mer matrix. This confirms the successful synthesis of MTPS
hybrid material.

The SEM image of MTPS nanocomposite is presented in Fig. 4A
and it exhibits nanospheres with a mean diameter of 300 nm as
a stacked structure, and the denser array of MTPS nanocomposite
can be observed clearly. To identify the chemical composition, the
EDX spectra of MTPS nanocomposite was measured (Fig. 4 B) that
showed the existence of titanium, oxygen, iron, carbon, silver and
nitrogen. A low percentage of iron is observed in the surface of
MTPS nanocomposite, which indicates that the largest percentage
of iron is found in the core. The inclusion of all elements in MTPS
nanocomposite was further investigated by measuring the
elemental mapping (Fig. S1, ESIf). The results confirm the

existence of C, O, N, Fe, Ti and Ag with a good distribution through
the synthesized MTPS nanocomposite.

The interior of magnetic Fe;0, particles could satisfy the
easy separation and achieve the regeneration of the catalyst
after being used.*® The VSM was carried out and the magne-
tization curves of the synthesized nanocomposites are shown
in Fig. 5. The saturation magnetization of magnetite
decreased obviously after coating with TiO, and PPY.
However, the magnetism of catalyst is still enough to be used
for the magnetic separation by an external magnetic field.
Saturation mass magnetization (Ms) of the Fe;0,@TiO, and
MTPS nanocomposite observed from Fig. 5 are 6.9 and 3.85
emu g !, respectively. The magnetization of MTPS nano-
composite is enough for the easy recovery from the solution.

The optical properties of Fe;O,, Fe;0,@TiO, and MTPS
nanocomposite were investigated by the UV-vis diffuse

Fig. 4 (A) SEM and (B) EDX of MTPS nanocomposite.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Magnetic hysteresis loop (M — H) of Fez0,@TiO, and MTPS
nanocomposite.

reflectance spectroscopy in the wavelength range of 200-
800 nm. As revealed from Fig. S2(A),T MTPS nanocomposite
displays higher light absorption in the visible spectrum
region. This high absorption can be assigned to the photo-
sensitization of PPY for trapping a huge number of visible
light photons and to the surface plasmon resonance of
electrons present in the Ag NPs induced by visible light.*®
This result indicates that incorporation of TiO,, PPY and Ag
with magnetite can extend the TiO, spectral response range
to the visible light region. This provides the ability for
applying MTPS nanocomposite to the solar energy catalytic
photodegradation of organic pollutants with a high photo-
catalytic activity. Fig. S2(A)T shows the UV-vis DRS of the as-
synthesized nanomaterials which was then used to calcu-
late the band gaps via using the following Kubelka-Munk
equation.

F(R) = KIS (1)

where, F(R) is the Kubelka-Munk function and X is the molar
absorption coefficient that equal (1 — R)?, S is the scattering
factor that equals 2R (R is the reflectance).”” After plotting [F(R)
E]"? vs. E (eV) and by extrapolating the linear portion obtained
in the regression (as shown in Fig. S2(B)T), the band-gap ener-
gies of the nanomaterials were found to be 1.66, 3.37 and
1.53 eV for magnetite, Fe;0,@TiO, and MTPS nanocomposite,
respectively. This indicates that MTPS nanocomposite
possesses a smaller band gap than the other synthesized
nanomaterials, suggesting the presence of synergistic effect
among all the components in the quaternary MTPS nano-
composite. The reduction of the band gap allows the composite
to capture easily and to utilize the visible light that can play
a vital role in enhancing the photocatalytic activity.

PNP reduction reaction to PAP is a model reaction for
testing the catalytic activity of MTPS nanocomposite using
NaBH, as a reducing agent and a hydrogen source for the
reduction reaction.

18250 | RSC Adv., 2019, 9, 18245-18255
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No change in the PNP color was observed in its uncatalyzed
reduction reaction. A catalyst, such as MTPS nanocomposite, is
required for enhancing the electrons’ transfer from the electron
donor (BH, ") to the electron acceptor (PNP) that led to end the
reduction reaction in 28 min. The UV-vis spectroscopy tech-
nique was used for monitoring the catalyzed reduction reaction
of PNP. Under alkaline conditions, PNP is characterized with an
absorption peak at 400 nm and the reduction to PAP occurs with
changing the PNP intense yellow color into colorless PAP solu-
tion with growing of another peak at 310 nm that is character-
istic to PAP as shown in Fig. 6. After 48 min, the reduction
reaction finished using 1 mg of the MTPS nanocatalyst. Pseudo
first order assumption was applied to calculate the kinetic rate
of this reduction reaction because of the high concentration of
NaBH, relative to PNP. The linear relation between —In A,/A, vs.
time is shown in Fig. S3A{ and the rate constant (k) of the
reduction reaction was calculated to be 0.1168 min ™. This rate
constant is high as compared to previous articles, as shown in
Table 1. Fig. S3Bt shows clearly the decrease of the character-
istic absorbance of PNP with time.

To further investigate the influence of catalyst amount, 2 mg
and 3 mg of the synthesized MTPS nanocatalyst was used. Only
12 min and 6 min are needed to complete PNP reduction
reaction using 2 mg and 3 mg of MTPS nanocatalyst as shown in
Fig. S4A and B,} respectively.

Another important property for catalyst is its stability over
many catalytic cycles. Upon repeating the catalysis test after the
magnetic separation of the nanocatalyst as shown in Fig. 7(A
and B), 85% of catalysis efficiency was achieved after five times
of magnetic separation and catalyst reuse was obtained. The
recovery and the separation strategy of the synthesized MTPS
nanocatalyst is expressed by Fig. 8.

Separately for comparing purpose, the catalytic activities of
Fe;0, NPs, Fe;0,@TiO, nanospheres, Fe;0,@TiO,/PPY, and
MTPS nanocomposites were examined using the same condi-
tions of MTPS nanocatalyst (Fig. 9). The obtained results show
that the PNP reduction by Fe;O,@TiO, a relatively long time,
due to the low response to the visible light. After the

1.04 ——O0min
——4 min
———8 min
) 0.8 ——12 min
S 16 min
© .
- ——20 min
3 0.6+ 24 min
s ——28 min
£
o 0.4+
I}
o
<
0.2-\
0.0 T T T T T T v T T —
250 300 350 400 450 500 550

Wavelength, nm

Fig. 6 UV-vis spectra for the reduction of PNP using 1 mg MTPS
nanocatalyst.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Rate constant of some catalysts compared with MTPS magnetic nanocomposite

Substrate Dose k(x107%s™h Ref.
Pp(AMPS)-Co composite” 50 mg 2.0 48
Ag-PPY-graphene oxide 1.2 mg 0.288 49
Fe;0,@NH,-mesoporous silica@PPY/Pd 10 mg 0.06 50

(Ag NPs) on natural egg shell membrane (ESM) 15 mg 2.90 51
Fe;0,@8i0,-Ag 1g 7.67 52
p(AMPS)-Cu” 10 1.72 53
Ag/TiO,@PPY 20 mg 0.005 54
Ag-NPs/C° 1 mg 1.69 55
Ag/HHP? 1 mg 0.50 56
Ag;@SBA-15° 0.9 mg 0.127 57
Fe;0,@C/Pd 2 mg 3.25 58
Ag°@CMP 7.4 mg 1.36 59

Ni NPs 90 mg 2.7 60
NAP-Mg-Au(0)f 15 mg 7.60 61

Ag NPs (Cu precursor = 0 mg) 2 mg 0.47 58

Cu/Ag NPs (Cu precursor = 9 mg) 2 mg 2.10 58

MTPS nanocomposite 1 mg 2.00 This work

¢ Bulk poﬁl[y(z-acrylamido—z-methyl-l-propansulfonic acid). ? p(2-Acrylamido-2-methyl-1-propansulfonic acid)-Cu composites. © Ag NPs/carbon

spheres.

Human-hair-supported noble metal (Ag). ¢ Ag NPs within the uniform pore channels of mesoporous silica. ¥ Conjugated

microporous polymer (CMP). ¢ Gold NPs supported on nano active™ MgO plus.

incorporation of PPY, the Fe;0,@TiO,/PPY nanocomposite
responds easily toward the visible light and the percentage of
PNP removal is about 92% PNP in a relatively short time.
However, in the existence of noble metal (silver) NPs, the cata-
lytic properties of the MTPS nanocomposite was enhanced, and
100% PNP removed in approximately 28 minutes, which
confirmed that MTPS nanocomposite has higher absorption in
the visible light region than the other nanocatalyst. These
results can be attributed to the surface plasmon resonance of
silver in the visible light region, and to the synergistic effect
among all components that enhanced the photocatalytic
activity.

The photocatalytic activity of as-synthesized MTPS nano-
composite was studied toward MB degradation as a model
reaction. The adsorption of MB on the surface of the synthe-
sized MTPS photocatalyst was first investigated by following the
degradation of MB after in dark to prevent the photo-
degradation process. Under the dark condition and after the
addition of MTPS nanocomposite to MB dye solution, the
absorbance of the MB solution was followed at different inter-
vals of time. As shown as Fig. S5, poor MB degradation in the
dark condition was found as only 30% of MB was removed
during 1.5 h, which can be attributed to the adsorption of MB
on the surface of MTPS nanocomposite.

Bare TiO, can absorb only UV light while PPY can absorb
both UV and visible lights and hence the absorption is expected
to be shifted to the visible region upon the modification of TiO,
with PPY." Therefore, the conjunction between TiO, and PPY,
in the MPTS nanocomposite should exposes the advantages of
both of them and thus, PPY can extend the TiO, photoresponse
to the visible region (400-800 nm). Under the normal day light,
40 mg of MPTS nanophotocatalyst was added to 100 mL MB
solution (4 mg L") for evaluation of the photocatalytic

This journal is © The Royal Society of Chemistry 2019

performance. As shown in Fig. 10, the MB dye degraded at
significant rate in the presence of MTPS nanocomposite as
a photocatalyst, temporal absorbance changes in the MB
spectra was observed in the first 10 minutes with more than
60% of MB removal, which indicates a rapid degradation rate of
MB dye. Furthermore, around 90% of MB was degraded in
approximately less than one hour.

The robust photocatalytic activity exhibited by the MPTS
nanophotocatalyst could be attributed to the MB photosensiti-
zation and the punchy synergistic effect of TiO, and PPY. The
coupling of PPY with TiO, was found to induce an interesting
charge transfer by which the attached PPY particles on TiO,
surface lead to driving the photogenerated electrons to depart
away from the TiO, and transferring the charge between the
coupled semiconductors.”” In addition, the photocatalytic
reaction was enhanced by increasing the reactive sites in the
presence of PPY NPs.® In addition to its role as an electron
donor after the visible light irradiation, PPY worked as a hole
acceptor.® These interesting characteristics of PPY with TiO,
make them an ideal material to reach enhanced charge sepa-
ration efficiency in the field of photocatalysis. In addition to the
above inimitability characteristics, silver NPs possessed
enhanced photocatalytic activity due to its surface plasmon
resonance and hence, it can strongly absorb visible light, which
lead to maximizing its ability to activate the reactive sites by
working as electron traps.®

The photodegradation of MB was followed by tracking the
concentration changes (C/C,) as a function of the visible light
illumination time. The dye photodegradation efficiencies can
be calculated from the equation:

Efficiency (%) = (Cy — C)/Co x 100% (2)

RSC Adv., 2019, 9, 18245-18255 | 18251
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Fig. 8 The separation technique of the heterogeneous MTPS
nanocatalyst.

where, C, is the initial MB dye concentration, C is the MB dye
concentration after photoirradiation.

As shown in Fig. S6,7 the photodegradation process was
found to follow the pseudo first-order kinetics by linear
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View Article Online

Paper
10 —=u— MTPS nanocomposite
—e—Fe30,@TiOy/PPY
3 —v—Fe,0,@TiO
3 03- - 3 o4 2
g ] \ \X\' €3%4
o
S 0.6 4 \Q::\
®
)
2 04+
« A
: '
2 02- \ \'\“\J B
< \\_ R
~g \.\.*N. - w\»ﬁ
0.0 T T T v T v J v !
0 20 40 60 80 100

Time, min

Fig. 9 Absorbance change during PNP reduction using different
precursor materials as nanocatalysts.

1.0

0.8

Absorbance, a.u.
o o
- o
1 1

o
N
N

0.0 — T —
450 500 550 600 650 700

Wavelength, nm

Fig. 10 Time-resolved photocatalytic spectra of MB dye (4 mg L™
upon the treatment with 0.04 g of MTPS nanophotocatalyst under the
normal day light.

transform® of the equation, In(g./q;) = kt, where ¢, is the
adsorption equilibrium concentration of MB, ¢, is the concen-
tration of MB at time ¢, and k is the rate constant, which was
estimated to be 6.38 x 107> min ' with a high correlation
coefficient (R*> = 0.98) using only 40 mg the synthesized MTPS
nanophotocatalyst after irradiation for 1 h.

The photocatalytic process includes a primary reaction step in
which MB dye was firstly adsorbed onto the surface of MTPS
nanophotocatalyst at PPY layer, while a secondary step is initiated
by illumination the MTPS nanophotocatalyst with visible light
producing electrons and holes, which generate reactive oxygen
molecules. TiO, consist of valence band (VB) and conduction band
(CB) with band gap energy of 3.2 eV. PPY is an optimal conjugated
polymer without reached m-conjugated electron systems and its
band gap is 1.30-2.32 eV¥ so it is considered as a good hole
transporter and an efficient electron donor under visible-light

This journal is © The Royal Society of Chemistry 2019
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Scheme 3 A proposed mechanism for MB dye degradation using
MTPS nanocomposite as a nanophotocatalyst under the normal day
visible light.

excitation. On the other hand, Ag acts as an electron trapper and
can prevent the electron-hole pairs from recombination process
and subsequently permitting a grander proportion of hydroxyl

radicals. When the MTPS nanophotocatalyst is illuminated with
the visible light, PPY absorbs light to induce ©* — 7* transition,
the excited electrons are transported to the 7w* orbital, which easily
injected into the CB of TiO,. Afterward, the electrons are trans-
ferred to the surface, then react with the adsorbed H,O and O, to
yield hydroxyl and superoxide radicals.®® In the meantime, the
electron-hole pairs direct recombination would be potently
inhibited, because excited electrons are injected into CB of TiO,,
which provide holes on PPY."” These electrons react with O,
generating -O, and holes that can react with OH™ or H,O to
produce -OH that in turn reacts with MB dye in a degradation
procedures as shown in Scheme 2.%® A suggested photodegradation
mechanism of MB dye by using MTPS nanocomposite as a nano-
photocatalyst is shown in Scheme 3.°

MTPS nanocomposite was found to exhibit an excellent pho-
tocatalytic degradation behavior toward MB dye, and the apparent
first-order rate constant was higher than many other reported

Table 2 Photoactivity of some photocatalysts compared with MTPS nanocomposite

Irradiation
Photocatalyst Dose time (min) k (x107% min™) Irradiation type Ref.
TiO,/Si0,/Ni-Cu-Zn 400 mg 360 3.18 Visible light 69
Fe,03/PPY 8 mg 120 5 UV light 70
Fe,O3/PPY/Ag 8 mg 120 8 UV light 70
Fe;0,@Ag@PPY 2 mg 120 1 UV light 71
Fe;0,@PANI/TIO, 30 mg 140 19.7 Visible light 72
Flower-like TiO,/PANI 50 mg 140 0.01 UV light 73
PPY/TiO, 150 mg 120 4 Visible light 74
PPY-PANI/TiO, 150 mg 120 8 Visible light 74
“MIP-PPY/TiO, 20 mg 120 15.04 Visible light 5
Ag/Ag,0/TiO,@PPY 100 mg 100 3 UV light 54
TiO,-WO; 30 mg 240 27 Visible light 75
Double-shelled TiO,@WO;/Au 30 mg 240 52 Visible light 75
TiO,-Al 2gL? 180 14.2 Visible light 76
RGO/TiO,” 05gL™? 60 55 uve 77
Bi-doped TiO, nano-composites 1gL* 300 5.31 Visible light 78
BP-Ag/TiO, 45 mg 85 29.3 Visible light 79
TiO,-0.5% Hf-1% N 20 mg 120 13 Visible light 80
MTPS nanocomposite 40 mg 60 63.8 Visible light This work

@ Molecular imprinting technique. ” Reduced graphene oxide/anatase TiO, composite.

This journal is © The Royal Society of Chemistry 2019
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substrates, with an optimal dose and irradiation time as shown in
Table 2. After comparing the catalyst dose, irradiation time, the
used light, and the rate constant in Table 2, it can be found clearly
that our synthesized performs the best.

4. Conclusion

In summary, a simple, low coast, and efficient method was
presented to synthesize bifunctional MTPS nanocomposite with
an enhanced catalytic and photocatalytic activity accompanied
with good recyclability and magnetic performance. The struc-
ture was fabricated by depositing a shell of TiO, onto the
surface of Fe;0, magnetic core followed by coating with a layer
of PPY and its decoration with silver NPs. The morphology
investigation showed the inclusion of the main elements in the
synthesized MTPS nanocomposite. A good catalytic conversion
of PNP to PAP employing MTPS as a nanocatalyst were achieved
with a rate constant of 11.682 x 10~ > min *. The catalytic
activities of Fe;0, NPs, Fe;0,@TiO,, Fe;0,@TiO,/PPY, and
MTPS nanocomposites catalytic activities were compared
where, Fe;O, and Fe;O,@TiO, nanocatalysts possessed the
lowest rate toward PNP reduction while the coexistence of PPY
and Ag NPs led to the maximum PNP reduction rate and 100%
PNP removed in approximately 28 minutes using MTPS nano-
catalyst due to the surface plasmon resonance in visible light
region of silver and the synergetic effect of PPY and silver for
narrowing of TiO, band gap. Moreover, the as-synthesized
MTPS nanocomposite was found to possess a high photo-
catalytic activity toward MB degradation with a rate constant of
63.8 x 10~ ® min~". The dual activity of the synthesized nano-
catalyst is the novel point in this work due to its unique struc-
ture and properties that paves the way toward a superior
catalytic and photocatalytic behavior under visible light. A small
loss of MTPS nanocomposite was found by the recycling test, so
that the efficiency was more than 85% after five cycles.
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