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Polyimide based hollow composites were successfully prepared by combining the situ and template methods together.
Firstly, the complete words (PPy) shell was covered on the surface of polystyrene nanoparticles, then the polyamide acid
and PdCl2 were covered on the surface of the materials after the calcination. Finally, PI@ PPy/Pd hollow composites
were obtained by a chemical process. The structure and composition of composites were characterized by scanning
electron microscopy X-ray diffraction, thermo gravimetric analyzer and differential scanning calorimeter, respectively.
Palladium (Pd) nanoparticles were densely and uniformly anchored on the surface of PPy shell due to the coordination
interaction between amino groups on PPy backbone and Pd?* ions. They are ideal candidates as nanoreactors for
heterogeneous catalysis due to their special structure. The catalytic performance of PI@ PPy/Pd hollow composites were
studied by the reduction of NaBH4 as a reducing agent. The catalytic performance of composites was characterized by
ultraviolet and visible spectrophotometer. The PI@PPy/Pd composites showed excellent catalytic performance in the
reduction of methylene blue with sodium borohydride as reducing agent. The dye completely turned colorless as seen

within 2.0 minutes.
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1. INTRODUCTION

With the gradual development of nanoparticles,
researchers were focused on the structure of micro size
more and more attentions [1]. Metal nanoparticles have
drawn more and more attentions due to their special
optical, electronic and catalytic properties originated from
quantum size effects [2—5]. Because of their large surface
area, metal nanoparticles have showed high catalytic
activity in different type of reactions [6, 7], the metal
nanoparticles easily aggregate to large clusters due to their
high surface energy, which may result in their deactivation
[8]. Then it is a problem to solution for the accumulation
of metal nanoparticles as a catalyst [9]. At present, the
treatment of high temperature dye wastewater is still the
model of cooled and then reprocessed [10, 11]. It is very
important that the economy of heat energy in the process
[12].

Over the past decade, core/shell nanostructures have
found their wide range of applications due to their optical,
electrical, and catalytic properties. For hollow spheres with
defined morphology and stability, specific molecular
chains are required. Template synthesis based on core-shell
structures has been well developed to achieve hollow
spheres with different shell compositions. Hard cores such
as silica colloid or polystyrene latex are commonly used as
templates for coating various materials forming a core-
shell structure, which are usually assisted by layer-by-layer
(LBL) deposition. Shinji Watanabe used polystyrene as a
template to prepare polystyrene-polyamic acid core/shell
microspheres firstly, then polystyrene-polyimide core/shell
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microspheres by a chemical process are obtained. It is used
toluene to remove the core in order to obtain the hollow
polyimide microspheres. Then the microspheres were
chemically obtained, washed and dried, the pure polyimide
hollow microspheres are obtained finally. However, the
process of removing the core also caused the rupture of the
polyimide shell.

Among the organic materials, polyimide (PI) is
considered to be one of the promising materials, mainly
because of its many advantages such as outstanding
combination of thermal, mechanical and electrical
insulating properties [13—16]. Among these, Pl hollow
nanospheres have generated significant interest in both
fundamental and applied research, owing to their various
potential applications such as low dielectric materials,
high-temperature nanocontainers and confined reaction
vessels with heat resistance. Jingjing used crosslinked
sulfonated polystyrene microspheres as a template, then
hollow polyimide microspheres are prepared. First, the
linear portion of the sulfonated polystyrene spheres are
removed, then dropped then solution of polyamic acid into
the solution of the sulfonated spheres slowly, at the same
time, with electromagnetic stirring, centrifugation and
washing, sulfonated polystyrene-polyimide  hollow
microspheres are obtained. Finally, pyridine and acetic
anhydride are added, the yellow microspheres are
precipitated by a chemical process. Then the hollow
microspheres were calcined at 350 °C. It is increased the
specific surface area and reduced the processing difficulty
of polyimide materials for prepared into micro/nano
spheres [17]. Therefore, the preparation and application of
the composites based on polyimide have become a quickly
expansive area [18—20].



In this paper, the polypyrrole (PPy) shell was covered
on the surface of polystyrene nanoparticles, after
calcination, the PPy hollow composites were obtained. We
prepared hollow composites which coating polyamide acid
on the surface, the composite materials were obtained and
used as supports for deposition and adsorption of
palladium (Pd) nanoparticles. Next, the polyimide
@PPy/Pd composites were obtained. The polyimide
@PPy/Pd  composites showed excellent catalytic
performance in the reduction of methylene blue with
sodium borohydride as reducing agent.

2. EXPERIMENTALS DETAILS

The following materials were used in the experiments:
Polystyrene nanoparticles (Jenus New Materials Co., Ltd.);
Pyrrole monomer (Zhongguo Group Chemical Reagent
Co., Ltd.); Palladium chloride (AR Sinopharm Chemical
Reagent Co., Ltd.); N,N-dimethylacetamide (AR Tianjin
Komi Chemical Reagent Co., Ltd.); Diaminodiphenyl ether
(Zhongguo Group Chemical Reagent Co., Ltd.);
Pyromellitic dianhydride (Zhongguo Group Chemical
Reagent Co., Ltd.); Methylene blue(analytical grade and
purchased from Zhongguo Group Chemical Reagent Co.,
Ltd.); FeCls-6H,O(analytical grade and purchased from
Zhongguo Group Chemical Reagent Co., Ltd.); NaBH.
(analytical grade and purchased from Zhongguo Group
Chemical Reagent Co., Ltd.); Absolute ethanol (Tianjin
Yongda Chemical Reagent Co., Ltd.); The water used in the
experiment is distilled water.

The structures of nanoparticles and nanocomposites
were investigated by  Lambda7600-FT-IR. A
JEOL JSM-6700F scanning electron microscope (SEM)
with primary electron energy of 3 keV employed to
examine the surface morphologies of products. Inorganic
content of the composite spheres was measured by
DSC-404 F3 and TG-209 F3. X-ray diffraction (XRD) data
was collected on a X'Pert PRO X-ray diffractometer. New
century general T6 ultraviolet and visible (UV-Vis)
spectrophotometer was employed for analysis of MB dye
reduction.

The PI@PPy/Pd nanocomposites were prepared by the
following procedure. 5 % solid content of PS nanoparticles
20 mL were dispersed in ethanol with mechanical stirring
at room temperature. Then 1.2 mL pyrrole was added into
the above solution with mechanical stirring. After
30 minutes, 10 mL FeCl;-6H,0 (0.1 g/mL) was added into
the mixed solution and dissolved completely, the mixture
was reacted for 12 h continuously with mechanical stirring.
FeCls-6H,0O is an oxidizing agent. When the oxidizing
agent was added into a mixed solution of pyrrole monomer
and polystyrene, the pyrrole monomer was oxidatively
polymerized in situ on the surface of the polystyrene
microsphere. The precipitate was centrifuged and washed
with deionized water and alcohol for three times. Then the
precipitate was dried in oven under 60 °C for 12 h. Then
the PS@PPy nanocomposite were fired in muffle under
350°C for 2h. The PPy hollow microspheres were
obtained.

40 g 4,4’-oxydianiline (ODA) was added into the
N,N’-dimethylacetamide (DMAc) (500 mL), then 62¢
pyromelliticdianhydride (PMDA) in stoichiometric amount
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to ODA was added by portions, the mixture was reacted
for about 12 h continuously with agitation at room
temperature. Then the PAA was obtained.

80 mg PPy hollow microspheres were dispersed in
50 mL DMAc with mechanical stirring, then PAA 320 mg
of PdCI; was added in the system with mechanical stirring
for 24 h. The precipitate was centrifuged and washed with
DMACc for three times. Then the precipitate was dried in
oven for 12 h.

40 mg PAA@PPy/Pd nanocomposites were dispersed
in 50 mL DMAc with mechanical stirring, then 1 mL
pyridine and 2 mL acetic oxide were added in the system,
the reaction was allowed to proceed with stirring for 8 h at
60 °C. Then the nanocomposites were allowed to stand for
24 h. After washed with deionized water and ethanol
several times, the nanocomposites were dried in oven for
6 h. Then the PI@PPy/Pd nanocomposites were obtained.

3. RESULTS AND DISCUSSION

The whole procedure to prepare
composites is illustrated in Fig. 1.
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Fig. 1. Synthesis route to PI@PPy/Pd composites

The equations of chemical reactions that occurred
during the synthesis are illustrated in Eq. 1 and Eg. 2.
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Fig.2 shows the SEM micrographs of PS
nanoparticles, PS@PPy nanocomposites, PPy hollow

microspheres, and PI@PPy/Pd composites. Fig. 2 a shows
the PS nanoparticles have smooth surface and narrow size
distribution, which are suitable for templates. The
morphology of PS@PPy nanocomposites is presented in
Fig. 2b, compared with PS composites, their surface
becomes much rougher, indicating polymerization of
pyrrole monomer has occurred. Fig. 2 ¢ shows the PPy
hollow microspheres, the nanocomposites have smooth



again and the ruptured hollow composites indicate that the
PPy hollow microspheres are of hollow structures. In
Fig. 2 d, it can be seen that the Pd nanoparticles deposit on
the supports.
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Fig.2. SEM images: a—PS nanoparticles;
nanocomposites; c¢—PPy hollow microspheres;
P1@PPy/Pd composites
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Fig. 3 shows the FT-IR spectrum of the samples. In
Fig. 3a the spectra displayed the characteristic features of
PS nanoparticles. The main absorption peaks of PS
nanoparticles appeared in 3026, 2923 cm™ are assigned to
C-H stretching vibrations of olefins [9]. The peaks at 1492
and 1448 cm™ are assigned to C-H bending vibration in
chains. And the peek at 699 cm™ is assigned to C-H
skeleton vibration and benzene ring skeleton vibration [9].
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Fig. 3. FT-IR spectra: a—PS nanoparticles;

nanocomposites; c—PPy hollow
d-PI@PPy/Pd hollow composites

b-PS@PPy
microspheres;
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In Fig. 3b the spectra displayed the characteristic
features of PPy. The peaks at 1552 and 1042 cm™ are due
to the stretching mode of C-H bonds, and the absorption
peak of polystyrene occurred at 789 cm™. A part of
absorption peak of PS microspheres appeared due to the
coating of PPy. In Fig. 3 ¢ the absorption peaks of PS and
PPy all disappeared, it was illustrated that the PS
microspheres have been decomposed and the PPy shells
have been carbonized, leaving only the carbon skeleton
structure. In  Fig.3d the spectra displayed the
characteristic features of PI@PPy/Pd composites, the
peaks at 1782 and 1720 cm™ are due to the stretching
mode of C-O bonds, and the peak at 1379 is due to the
stretching mode of C-N bonds. Among them, the peaks at
3400 cm is assigned to O-H vibration. The presence of
O-H bond is due to the absorption of moisture by the
material. In Fig. 3 d, the peak at 3400 cm™ is due to acetic
acid was added during the preparation process, and acetic
acid could not be completely dried. It was illustrated that
the P1 was existed in the PI@PPy/Pd hollow composites.
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Fig. 4. TGA spectra: a—PS@PPy nanocomposites; b—PPy
hollow microspheres; c—PI@PPy/Pd hollow composites

The samples were subjected to thermal stability
analysis by a thermogravimetric analyzer, and the test
environment were air (Fig.4a), N2 (Fig.4b), and
atmosphere (Fig. 4 c). Fig. 4 shows the thermogravimetric
curves. As can be seen from the curve a, the weight is
quickly lost at around 300° C and finally completely
decomposed under an air atmosphere. The initial weight
loss at 450 °C was the polypyrrole hollow material of
curve b. This is because polypyrrole was not easily
degraded in oxygen-free nitrogen, and the presence of
oxygen in the air promoted its degradation. Therefore, we
conducted a thermal weight loss test under a nitrogen
atmosphere, and a part of the composite was burned off,
leaved only a part of the polypyrrole skeleton which was
not easily decomposed. Curve ¢ shows two sections of
thermogravimetric curves at 450 °C and 550 °C. This is
due to the different thermal decomposition temperatures of
polyimide and polypyrrole, and the metal palladium as an
inorganic portion and a part of the polypyrrole skeleton
were left. By calculated the data of curves b and c, it was
possible to obtain a residual of metal palladium of up to
15 % or more.

Fig. 5 shows the DSC curves. The exothermic peak at
600 °C (curve a) was the thermodynamic behavior of PPy
hollow microspheres. And the exothermic behavior begins
at 500 °C, this is due to the fact that only the polypyrrole



skeleton remains after calcination. Curve b shows two
exothermic peaks at 300 °C and 550 °C, this is the
thermal decomposition behavior of PS and PPy. Curve ¢
shows two exothermic peaks at 300 ° C and 550 °C, this
is the thermal decomposition behavior of Pl and PPy. This
is due to the different thermal decomposition temperatures
of Pl and Ppy.
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Fig. 5. DSC spectra: a—PPy hollow microspheres; b—PS@PPy
nanocomposites; c—PI@ PPy /Pd hollow composites

S |10
>
= 200
g a 220
8 RV N J'Wm
=
by i b
bl s c
Il Il 0 |‘ i\ it
40 45 50 55 60 65 70
20 Degree

Fig. 6. XRD patterns: a—PI@PPy/Pd hollow composites; b —PPy
hollow microspheres; c —PS@PPy nanocomposites

XRD patterns are presented in Fig. 6. The crystal
structure of the palladium nanoparticles was confirmed and
the diameter was calculated by a formula. We can see in
the figure that the PI@PPy/Pd hollow composites
exhibited strong diffraction peaks at 26 = 40.1°, 46.6° and
68.1°, which are corresponding to the crystal plane
structures of (110), (200) and (220) of the palladium
nanoparticles respectively (JCPDS No0.04-0784), there are
no diffraction peaks in curve b and curve ¢, it confirmed
that the particles we synthesized were palladium
nanoparticles. The average diameter of the palladium
nanoparticles was calculated according to the Debye-
Scherrere formula [21].

Taking the diffraction peak at 20=68.1° as a
reference, the size of the palladium nanoparticles was
calculated using the Debye-Scherrere formula (Eq. 3), and
the average diameter of the obtained palladium
nanoparticles was estimated to be 10.3 nm. Among this
numerical values, K is the Scherrer constant, the numerical
value is 0.89, 1 is the X-ray wavelength, and the numerical
value is 0.15418 nm.
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where B is the half width; 6 is the diffraction angle, °; 4 is
the wavelength of X-rays, nm; K is the calculation
constant.
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Fig. 6. Vis spectra: a—the initial methylene blue dye solution;
b —the methylene blue dye solution after reaction for 8 h
without PI@PPy/Pd hollow composites; c—the methylene
blue dye solution after reaction for 2 min in presence of
P1@PPy/Pd hollow composites

The reduction of methylene blue (MB) dye by NaBH.
was selected as a model reaction to study the catalytic
activity of the PI@PPy/Pd composites. We prepared
(0.2 mg/mL) aqueous solution of MB 3.5 mL. The reaction
process was monitored by Vis spectra, as illustrated in
Fig. 4 a. The original aqueous MB dye solution is dark
blue in color and the kmax appears at 665 nm (curve a).
2 mL sodium borohydride solution (NaBH4) (10 mg/mL)
was added to the system.

Upon the addition of NaBH4 without catalysts, the
absorbance intensity at kmax of MB decreases, but does
not completely vanish after reaction for 8.0 h (curve b).
The solution color only becomes light blue. After 10.0 mg
of the PI@ PPy/Pd composites were added, the absorbance
at kmax completely disappears within 2.0 minutes
(curve ¢). The solution color turns colorless as seen. It
could be concluded that the PI@PPy/Pd composites had
excellent catalytic performance in reduction of MB dye
with NaBH, as a reducing agent.

4. CONCLUSIONS

In this article, we have successfully synthesized
P1@ PPy/Pd hollow composites. Firstly, the PPy shell was
covered on the surface of PS nanoparticles, then the PAA
and PdCl, were covered on the surface of the material that
after the calcination. Finally, PI@PPy/Pd hollow
composites were obtained by a chemical process. They are
ideal candidates as nanoreactors for heterogeneous
catalysis due to their special structure. And the results
showed that the PI@PPy/Pd hollow composites could keep
excellent spherical structure, and the PI@PPy/Pd hollow
composites showed excellent catalytic performance in the
reduction of methylene blue with sodium borohydride as
reducing agent. The dye completely turned colorless as



seen within 2.0 minutes. This method not only simplifies
the process conditions of the conventional method, but also
solves the problem of poor adhesion between metal and
polymer. The biggest advantage of this method is that the
doped nano-palladium can be distributed in the polymer
system with the original particles, so as to best reflect or
maintain the unique properties of the nano-palladium.
More novelly, due to the special properties of polyimide,
this hollow composite can handle high temperature
wastewater and special wastewater containing acid and
alkali. Therefore it is anticipated that this kind of catalysts
will have great potential for further practical applications.
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