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Abstract Three-dimensional polypyrrole/chitosan nano-
composite monoliths are fabricated by polymerization of
pyrrole in chitosan aqueous solution. The static polymeriza-
tion of pyrrole monomer and the cross-linking of chitosan by
glutaraldehyde occur simultaneously, resulting in the self-
assembly of polypyrrole/chitosan nanocomposite aerogel
monolith. The addition of methyl orange and glutaraldehyde
and the static reaction play key roles in the formation of
the self-standing aerogel monolith. The as-prepared mono-
lith with larger specific surface area exhibits much better
adsorption capability for Cr(VI) removal in comparison with
that prepared without the addition of glutaraldehyde. The
adsorption process and adsorption isotherms are found to
well follow the pseudo-second-order and Langmuir mod-
els, respectively. Furthermore, this polypyrrole/chitosan
nanocomposite monolith is stable and recyclable. About
73.5% of the initial adsorption capability is kept after eight
adsorption—desorption cycles. The polypyrrole/chitosan
nanocomposite monolith can be a promising candidate for
the efficient removal of Cr(VI).

Keywords Polypyrrole - Chitosan - Nanocomposite -
Monolith - Cr(VI) removal

P4 Liang Li
msell08@163.com

>4 Xianghua Yu
yuxianghua05@163.com

Key Laboratory for Green Chemical Process of Ministry
of Education, Hubei Key Laboratory of Plasma Chemistry
and Advanced Materials, School of Materials Science

and Engineering, Wuhan Institute of Technology,

Wuhan 430073, People’s Republic of China

School of Physical Science and Technology, Yili Normal
University, Yining 835000, China

Introduction

In decade years, conducting polymers have been widely
applied as the potential materials in the fields of electro-
catalysis, chemical or biological sensors, supercapacitors,
artificial muscles, electronic devices and protective coat-
ings [1-5]. Of the major conducting polymers, polypyrrole
(PPy) has attracted tremendous interest due to its favorable
biocompatibility, good electrical conductivity, moderate
band gap and reversible electrochemical properties [6-9].
Various methods for the preparation of PPy with different
micro/nanostructures have been developed, including tem-
plate synthesis, interfacial synthesis, and electrochemical
polymerization [10-12]. Although the research progress
of PPy in morphology and structure control, functionali-
zation and practical applications is significant, most of the
as-prepared PPy so far have the macroscopic appearance of
insoluble granular powder or intractable thin film. Thus, it
has seriously restricted its efficient application because of
processing difficulty. Hence, more attention has been paid
to the improvement of synthesis method for the fabrication
of PPy or its nanocomposites with enhanced processibility
in order to overcome the above disadvantage and meet more
strict requirements in future applications.

Recently, the pioneering researches about the prepara-
tion of PPy and its nanocomposites with three-dimensional
network, such as hydrogel, aerogel, sponge, have been
reported [13-20]. The unique three-dimensional products
based on PPy and its nanocomposites endow them syner-
gistic performances of conducting polymer and hierarchi-
cal interconnected open micro/nanostructure. For instance,
three-dimensional porous nanostructured PPy hydrogel with
good mechanical property and high performance superca-
pacitor has prepared via interfacial polymerization [21]. The
elastic and conducting PPy hydrogel has been synthesized
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in the following conditions of mixed solvent, deficient oxi-
dant and monthly growth [22]. PPy nanofiber or nanotube
hydrogel with controlled morphology has been synthesized
by oxidative polymerization with the aid of liquid crystal
molecules or dye molecules as the template and dopant
through self-assembly of the interconnected nanoblocks
[23-25]. PPy/graphene hydrogel nanocomposites have been
fabricated by hydrothermal reduction of graphene oxide and
polymerization of pyrrole, resulting in the three-dimensional
mesoporous microstructure with PPy wrapped on the surface
of graphene hydrogel [26]. We also studied the effect of feed
order on the self-assembly of the nanocomposite hydrogel
of PPy and chitosan (CS) [27].

It is well-known that CS is a natural polysaccharide
derived from chitin and can be used as one of the promising
low-cost adsorbents with high adsorption capacity of heavy
transition metal ions and dyes [28—-30]. Cr(VI) ions are one
kind of the most toxic and carcinogenic to human health and
environmental quality [31]. It has been reported that PPy and
CS could be able to remove Cr(VI) ions from waste water
[32-36]. It is desirable to incorporate natural polymer, such
as CS, into PPy since such a characteristic is highly benefi-
cial for efficient adsorption. It is expected that the combina-
tion of PPy and CS could improve the properties of both PPy
and CS. However, most of these PPy/CS nanocomposites
are in the form of powder. Therefore, great efforts have been
devoted to the exploring and utilizing the three-dimensional
network in order to realize the fast and efficient separation of
the adsorbents from the effluent after adsorption.

In general, the formation of three-dimensional network
based on conducting polymer and natural polymer is realized
either by the polymerization of monomer inside the pre-
formed natural polymer hydrogel or by the chemical grafting
of conducting polymer on the natural polymer followed with
the elaboration of composite hydrogels through crosslinking
[37, 38]. For the former, conducting polymer may migrate
from the hydrogel network because it is entrapped in the
crosslinked matrix of natural polymer hydrogel. Moreo-
ver, it is difficult to guarantee the uniform distribution of
conducting polymer in the hydrogel. For the latter, the pro-
cedure is time-consuming and inconvenient. Although the
previous works about the synthesis of three-dimensional
PPy-based materials are exciting, the self-standing three-
dimensional PPy/CS nanocomposite aerogel monoliths are
rarely reported. In the present work, PPy/CS nanocomposite
aerogel monoliths are prepared through the simultaneous
polymerization and crosslinking technique coupled with
freeze drying. The static polymerization of pyrrole mono-
mer using MO as the dopant and APS as the oxidant and the
cross-linking of CS by glutaraldehyde take place simultane-
ously, resulting in the self-assembly of polypyrrole/chitosan
nanocomposite aerogel monolith. The one-dimensional
PPy nanoblocks and crosslinked CS are responsible for the
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construction and stabilization of the three-dimensional net-
work, respectively. Herein, we also demonstrate the ability
of the as-synthesized PPy/CS nanocomposite acrogel mono-
liths to remove Cr(VI) ions in aqueous solution. There are
two advantages for PPy/CS nanocomposite aerogel monolith
as an adsorbent for Cr(VI) removal. Firstly, the hierarchical
structures composed of one-dimensional PPy nanoblocks
and crosslinked CS with larger specific surface area are
beneficial for the efficient adsorption of Cr(VI) ions, thus
enhancing the adsorption efficiency of PPy/CS nanocompos-
ite. Secondly, the aerogel monolith could be easily separated
from effluent due to its stable monolithic shape.

Experimental
Materials

Ammonium peroxysulfate (APS), methyl orange (MO), and
other reagents were used as received. Pyrrole was distilled
and kept in the refrigerator before use. Chitosan with viscos-
ity-average molecular weight of 186,000 g/mol and deacety-
lation degree of 86% was supplied by Zhejiang Golden-Shell
Co., Ltd., China.

Fabrication of the Aerogel Monoliths

CS was dissolved in 2% aqueous acetic acid solution to
get the concentration of 2 wt%. Then, 1 mmol of APS and
20 mL of 5 mmol L~! MO solution were added in the CS
solution with stirring. Some red flocculent could be observed
immediately in the beaker. Then the mixture solution was
continued to ultra-sonicate for about 3 min. Subsequently,
1 mmol of pyrrole monomer and glutaraldehyde solution
were introduced to the above mixture with stirring for sev-
eral minutes. After that, the reaction was carried out with-
out stirring for 24 h at room temperature to obtain a black
hydrogel precursor. The hydrogel precursor was repeatedly
rinsed with deionized water and then freeze-dried. The as-
prepared aerogel monolith was designated as PPy-c-CS. The
schematic procedure is presented in Fig. 1. For comparison,
the nanocomposite of PPy and CS was also prepared without
the addition of glutaraldehyde. It was designated as PPy—CS.

Characterizations

Fourier transform infrared (FTIR) spectra were performed
using Nicolet Impact-420 spectrometer. The morphol-
ogy of the aerogel was analyzed by a JSM-5510LV scan-
ning electron microscopy (SEM). Nitrogen sorption iso-
therms (Micromeritics ASAP 2010M instrument) were
carried out to study the specific surface area using the
Brunauer—-Emmett-Teller (BET) measurement. X-ray
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Fig.1 Scheme showing the preparation process of PPy-c-CS nano-
composite aerogel monolith

photoelectron spectroscopy (XPS) was conducted under
a base pressure of 1x107° Torr using an AXIS Ultra
spectrometer.

For the experiments of Cr(VI) removal, the aqueous solu-
tion containing Cr(VI) was obtained by dissolving K,Cr,0,
at pH 2.0 in water. The as-prepared aerogel monolith was
added into 60 mL of Cr(VI) solution with the desired con-
centration and then stirred. After a certain time, the concen-
tration of Cr(VI) in the solution was analyzed by a ultraviolet
spectrophotometer (SHIMADZU UV-2501) according to the
standard solutions of Cr(VI) solution. The adsorption capac-
ity of Cr(VI) was calculated using the following formula,

q: = (CO - Ct)V/m

where g, (mg/g) was the adsorption capacity at a certain
time, Cy and C, (mg/L) were the initial concentration of
Cr(VI) and the concentration of Cr(VI) at a certain time,
respectively, V (L) was the solution volume and m (g) was
the mass of adsorbent.

Results and Discussion

In our study, the polymerization of pyrrole using MO as the
dopant and APS as the oxidant took place, accompanied with
the crosslinking of CS by glutaraldehyde. At the same time,
the evolution of hydrogel precursor occurred on standing for
24 h. After freeze-drying, the dried aerogel basically kept
the shape and volume of the hydrogel and the correspond-
ing PPy-c-CS aerogel monolith was obtained, as shown in
Fig. 2. For comparison, PPy—CS was also prepared with
the same procedure just in the absence of glutaraldehyde. It
was worth noting that the experimental phenomena before
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Fig. 2 Photographs of a, b PPy—CS and ¢, d PPy-c-CS before and
after freeze-drying

freeze-drying were similar regardless of the addition of glu-
taraldehyde. The black cylinder whole appeared. However,
PPy—CS had totally different macroscopic appearance after
freeze-drying and an extraordinary shrinkage of the original
hydrogel was observed (Fig. 2). It indicated that it was not
enough stable for PPy—CS prepared in the absence of gluta-
raldehyde to remain the original state during freeze-drying
and the sublimation of water from the hydrogel destroyed
the initial three-dimensional network. On the other hand,
PPy/CS nanocomposites were prepared in the absence of
MO or with stirring. The aerogel monolith could not also be
obtained in the above two cases. Thus, it was noted that MO,
glutaraldehyde and the static condition were required for the
fabrication of PPy-c-CS nanocomposite aerogel monolith.
The chemical structure and morphology of PPy-c-CS
aerogel monolith were investigated by FTIR and SEM as
show in Fig. 3. The characteristic absorbance bands of PPy
and CS could be observed. For example, the peak located
at 1636 cm™' was ascribed to the C=0 stretching vibra-
tion of -NHCO- in CS. The peaks located around 1551
and 1482 cm™! corresponded to C=C and C-N asymmet-
ric and symmetric stretching vibration of pyrrole ring,
respectively. The peak at 780 cm™! was attributed to C—H
ring-wagging vibration of pyrrole [39]. As shown in SEM
image, the as-prepared aerogel monolith was composed of
one-dimensional nanoblocks together with several nanopar-
ticles. The one-dimensional nanoblocks had the diameter of
about 100 nm and the length of several micrometers. The
one-dimensional nanostructure of PPy could be prepared
using the soft template of MO [40]. Obviously, the simul-
taneous occurrence of the static polymerization of PPy and
the crosslinking of CS influence the morphology of PPy.
There were a large number of interconnected one-dimen-
sional nanoblocks. Moreover, several nanoparticles were
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Fig. 3 FTIR spectrum and SEM image of PPy-c-CS

distributed more uniformly among the one-dimensional
nanoblocks, compared with that of the nanocomposites of
PPy and CS prepared without the addition of glutaralde-
hyde in our previous study [27]. The bundles and junctions
resulting from one-dimensional nanoblocks and several
nanoparticles may be more beneficial to the stability of
the aerogel monoliths. The N element content in PPy-c-CS
nanocomposite was measured by the EDX analysis (Fig. 4).
The weight fractions of N element in the nanocomposite
was 15.2%. Base on the N content in pure PPy or CS, it was
calculated that PPy content and CS content in the nanocom-
posite was about 59.7 and 40.3%, respectively.

The microstructures of PPy—CS and PPy-c-CS were
further investigated by nitrogen adsorption/desorption
experiments as shown in Fig. 5. The nitrogen adsorp-
tion/desorption isotherms of both PPy—CS and PPy-c-
CS exhibited mesoporous characteristics. Based on the
nitrogen adsorption experiment, the BET surface area
of PPy-c-CS (235 m? g~!) was much larger than that of
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Fig. 4 Energy-dispersive X-ray (EDX) spectrum of PPy-c-CS

350

300+

250

200

150

100

Volume Adsorption (cm®g")

50

——0—

oo000—0—0—0—0
o.".
O T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/R)

Fig. 5 Nitrogen adsorption/desorption isotherms of PPy-CS and
PPy-c-CS

Table 1 BET surface area and kinetics parameters for Cr(VI) adsorp-
tion on PPy-c-CS and PPy—-CS

Sample BET m*g™)) ¢, (mgg™) k,(gmg!min7h) 2
PPy-c-CS 235 350 4.63x107° 0.998
PPy-CS 96 140 1.35x 107 0.997

PPy—CS (96 m? g!) (Table 1). The porosity of PPy-c-CS
was about 98.9%. It suggested that the PPy-c-CS nanocom-
posite aerogel monolith obtained in our work had well-
developed three-dimensional porous nanostructures and
interconnected networks, which could be favorable for the
fast ionic transport.
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The rich functional groups of the conducting PPy endowed
it with the ability to absorb Cr(VI) easily. Meanwhile, CS
could bind metal cations through the interaction between
the void orbital of the metal and the free electron pairs of the
nitrogen. Therefore, the larger specific surface area and the
stable macroscopic shape of the obtained PPy-c-CS aerogel
monolith afforded its potential as an efficient absorbent for
the removal of Cr(VI) ions. Figure 6a showed the effects
of adsorption time on adsorption capacity of PPy-c-CS and
PPy—CS. The difference of the adsorption behavior between
PPy-c-CS and PPy—CS was obvious. The equilibrium adsorp-
tion capacity of Cr(VI) ions for PPy-c-CS was much higher
than that of PPy—CS. Pseudo-second-order kinetic model was
used to evaluate the adsorption performance of PPy-c-CS and
PPy—CS. The adsorption kinetics was simulated by the follow-
ing pseudo-second-order kinetic equation [41]:
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Fig. 6 a Effects of adsorption time on adsorption capacity of PPy-
¢-CS and PPy—CS (initial concentration 100 mg L=!). b Pseudo-sec-
ond-order kinetic model of PPy-c-CS and PPy—CS

where g, was the equilibrium Cr(VI) adsorption capacity,
q, was Cr(VI) adsorption capacity at a certain time and &,
was the pseudo-second-order rate constant, respectively.
The adsorption data was shown in Fig. 6b and Table 1. The
equilibrium Cr(VI) adsorption capacity (q,) of PPy-c-CS
and PPy-CS was calculated to be 350 and 140 mg g™, while
both of the behaviors were linear with correlation coefficient
»=0.998 and 0.997 for PPy-c-CS and PPy-CS, respectively.
It indicated that PPy-c-CS with stable monolith had the bet-
ter performance of Cr(VI) removal than the shrunk PPy-CS.

Moreover, the Langmuir model was used to describe the
adsorption thermodynamics of PPy-c-CS using the follow-
ing equation [41]:

C, 1 C,

9e B qum dm

where C, was the equilibrium concentration of Cr(VI), g,,
was the maximum adsorption capacity per weight of adsor-
bent, and k; was the Langmuir adsorption constant, respec-
tively. Cr(VI) adsorption isotherm curves of PPy-c-CS and
the fit of equilibrium data to Langmuir isotherm model was
shown in Fig. 7 and Table 2. Based on the fitting results, the
adsorption data of Cr(VI) ions were simulated well with the
Langmuir model. The maximal Cr(VI) adsorption capacity
(g,,) of PPy-c-CS was about 401 mg g_l, which was close
to the experimental value shown in Fig. 5. A comparison
of the Langmuir maximum adsorption capacity between
PPy-c-CS and other PPy-based adsorbents reported in lit-
eratures had been conducted. The adsorption capacity of
PPy-c-CS nanocomposite was higher than that of Fe;O,/
PPy microsphere (209 mg g~!) [42], that of PPy-polyani-
line nanofibers (227 mg g~!) [35], that of porous PPy nano-
clusters (180 mg g~') [43], that of PPy/CS nanocomposite
(79 mg g7') [36]. Although Cr(VI) adsorption capacity was
lower than PPy @ GO nanocomposite (497 mg g~') [44], our
PPy-c-CS nanocomposite could be conveniently separated
from effluent due to its stable monolithic shape.

XPS spectrum of PPy-c-CS after Cr(VI) adsorption was
given in Fig. 8 in order to investigate the mechanism of
Cr (VI) adsorption by PPy-c-CS. Two main energy bands
at about 577.2 and 587.3 eV appeared, which could be
ascribed to the binding energies of Cr 2p;,, and Cr 2p,.
It suggested that there existed Cr(III) and Cr(VI) ions in
PPy-c-CS after the adsorption. The existence of Cr(III) in
PPy-c-CS proved that some portion of adsorbed Cr(VI)
ions was reduced to Cr(III) by PPy component during
the adsorption process [45]. The regeneration ability
and stability of the adsorbent was crucial for its practical
application. In our work, the adsorbent was first desorbed
by dipping in 0.5 mol L™' NaOH solution and then recy-
cled in 1 mol L™! HCI solution [45]. Figure 9 showed
the adsorption cycles of PPy-c-CS for removal of Cr(VI).
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Table 2 Langmuir constants for Cr(VI) adsorption on PPy-c-CS

k(L mg™h P

Metal ion g, (mg g™

Cr(VD 401 0.166 0.997

After eight cycles of the adsorption—desorption process,
about 73.5% of the Cr(VI) removal ability remained,
which indicated that PPy-c-CS was suitable to be used
as a recyclable adsorbent for Cr(VI) ions. Furthermore,
after eight adsorption—desorption cycles, PPy-c-CS could
still be easily separated from the solution due to its stable
monolithic structure.

Conclusions

An effective static route for the fabrication of PPy-c-CS
nanocomposite aerogel monoliths with three-dimensional
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Cycle number

Fig. 9 Adsorption cycles of PPy-c-CS for removal of Cr(VI)

framework has been presented. The self-standing PPy-
c-CS nanocomposite aerogel monoliths are prepared by
self-assembly of PPy-c-CS nanocomposite hydrogel pre-
cursors and subsequent freeze-drying. The formation and
the properties of these monoliths depend strongly on the
reaction condition, such as the dye dopant, stirring and
crosslinking agent. Due to the synergic effect between one-
dimensional polypyrrole blocks and crosslinked chitosan,
PPy-c-CS nanocomposite aerogel monolith is a suitable
adsorbent for the efficient removal of Cr(VI). The success-
ful synthesis of self-standing aerogel monoliths based on
conducting polymer and natural polymer may be extended
to construct other nanocomposite aerogel analogues for
potential applications in future.
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