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Abstract

Polymeric-inorganic composites are promising for the efficient treatment of contaminated water. In this work, the recyclable
composite hydrogel with three-dimensional network composed of polypyrrole and reduced graphene oxide are synthesized
through a hydrothermal process using polypyrrole nanotubes and graphene oxide as the precursors. Due to the synergic effect
between graphene nanosheets and polypyrrole nanotubes, the composite hydrogel exhibits excellent removal capability of
395 mg g~ ! for Cr(VI) removal through the simultaneous adsorption and chemical reduction. The adsorption equilibrium
isotherm is well fitted with the Langmuir adsorption model. The result of adsorption kinetics is simulated by the pseudo-
second-order model. The composite hydrogel still possesses Cr(VI) removal capacity without a significant decrease in the
presence of coexisting cations. Moreover, because of the stable network in the composite hydrogel, it can be easily separated
from the contaminated water after adsorption and can be regenerated and reused efficiency after six adsorption-desorption
cycles. Thus, polypyrrole/reduced graphene oxide composite hydrogel provides a potential platform as a cost-effective mate-
rial for Cr(VI) removal applications.
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1 Introduction

The rapid development of industry and social activities
inevitably results in the accidents of water pollution. The
contaminated water is not only harmful to the environment
and human health, but also brings about the tremendous eco-
nomic loss [1-5]. Heavy metal and organic compounds are
the main kinds of contaminants in the wastewater. Although
most metals at a trace level are definitely necessary for
human, non-biodegradable metals will have adverse effects
on living organism at high concentration. Among them,
chromium (Cr) as the second most groundwater contaminant
is widely used in electroplating, tanning, and other indus-
tries [6]. Cr(VI) and Cr(III) are the primary Cr ion states in
aqueous solution. The former is more toxic and carcinogenic
[7]. Therefore, the development of low-cost and effective
techniques for the removal of Cr(VI) is of great interest in
wastewater treatment.

Many technologies, such as filtration, reverse osmosis,
adsorption, chemical oxidation, coagulation, and bio-degra-
dation, have been developed for the elimination of pollutants
and minimized the adverse effect of water pollution. Com-
pared with other technologies for water treatment, adsorp-
tion is considered to possess the feasibility, low-cost and
environmentally friendly characteristics, and high removal
ability. Several adsorbent materials with porous structure or
functional surface, such as zeolite, metal oxide and activated
carbon, have been extensively applied for Cr(VI) removal
[8-10]. Since the discovery of conducting polypyrrole
(PPy), it has been considered as one of the most promis-
ing materials owing to easy preparation, tunable chemical
and electrochemical performance, biocompatibility [11-13].
Moreover, the removal of heavy metal ions from the con-
taminated water using PPy with the property of ion exchange
has been reported in the previous studies [14—16]. Graphene
as a kind of thin two-dimensional carbon nanomaterial has
attracted considerable attention for the treatment of con-
taminated water [17-20]. However, graphene easily tends
to agglomerate due to its large surface area, decreasing its
adsorption efficiency. The anchoring of other nanomaterials
on the surface of graphene nanosheets in the composites
may prevent graphene nanosheets from severe restacking,
and nanomaterials themselves. It leads to the increase of
the specific surface area in the obtained composites, which
is beneficial for the adsorption performance.

Recently, polymeric-inorganic composites due to their
hierarchical structures and distinctive integrated properties
have been widely used in various fields. Chen et al. prepared
the core-shell nanocomposites via the chemical polymeriza-
tion of PPy on the surface of attapulgite for Cr(VI) removal
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[21]. Yao et al. anchored Fe;O, and polypyrrole nanoparti-
cles on graphene nanosheets via two steps to construct the
magnetic hybrid nanocomposites with hierarchical structure
[22]. The nanocomposite adsorbent powders were not eas-
ily removed after adsorption and unsuitable for cycle use
though they can remove heavy metal ions fast [23]. In spite
of the simplified procedure in separation, magnetic nano-
composites exhibit unsatisfactory removal ability due to the
disadvantages of aggregation [24]. Taking the requirement
of advanced adsorbents into consideration, it is imperative
to design and prepare an integrated architecture, in which
the advantages of each component can be comprehensively
utilized, to act as excellent adsorbents for Cr(VI) removal.
Most of the composite adsorbents in the shape of powders
were not easily removed after adsorption and unsuitable for
cycle use though they possessed excellent Cr(IV) removal
ability. Therefore, the development of advanced polymeric-
inorganic adsorbents with high adsorption capacity and fac-
ile separation ability is still urgent through the design of an
integrated architecture, in which the interconnection of each
component can be realized and the merit of each component
can be preserved.

In our previous report, PPy nanotubes were success-
fully synthesized through the soft template of cation and
methyl orange [25]. Herein, a facile hydrothermal synthetic
process is presented for the preparation of the three-dimen-
sional macroscopic PPy/reduced graphene oxide (PPy/
rGO) composite hydrogels assembled by one-dimensional
PPy nanotubes and two-dimensional graphene nanosheets.
The optimized feed ratio of PPy and graphene oxide (GO)
contributes to the formation of stable macroscopic structure.
The adsorption isotherms and adsorption kinetics of Cr(VI)
on PPy/reduced graphene oxide composite hydrogel are esti-
mated with Freundlich and Langmuir isotherm models as
well as the pseudo-second order. The synergistic interactions
between PPy and graphene in the stable composite hydrogel
enable the efficient removal of Cr(VI), easy separation after
adsorption as well as recyclability.

2 Experimental

2.1 Synthesis of PPy/Reduced Graphene Oxide
Composite Hydrogel

PPy nanotubes and GO were synthesized according to the
previous reports, respectively [25, 26]. The predetermined
PPy nanotubes were dispersed in 10 mL aqueous solution
containing 2 mg mL~! GO and ultra-sonicated for 30 min at
room temperature. Then, the above mixture was transferred
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to a stainless-steel Teflon-lined autoclave and heated at 180
°C for 3 h. The obtained products were taken out and washed
with deionized water and ethanol several times. The com-
posite products prepared in the cases of PPy amounts of 20,
25, 30, 50, 100 mg were designated as PG1, PG2, PG3, PG4,
and PG5, respectively.

2.2 Characterization

The morphology of the products was observed by scanning
electron microscope (SEM, JSM-5510LV, JEOL Co.). X-ray
diffraction (XRD) patterns were analyzed on PHILIPS PW
3710 diffractometer using Cu Ka radiation at room temper-
ature. Brunauer-Emmett-Teller (BET) surface area of the
product was measured on a Micromeritics ASAP 2010 M
instrument. X-ray photoelectron spectroscopy (XPS) was
carried out using a spectrometer (ESCALB MK-II, VG Co.,
England) under a base pressure of 1x10~° Torr using Mg
Ka monochromatic X-ray source at 1253.6 eV.

For the Cr(VI) adsorption experiments, 8 mg of the prod-
uct was added into a flask containing 40 mL of Cr(VI) solu-
tion (120 mg L™ 1) at pH2.0. After stirring for a certain time,
an amount of the suspension was taken out. An ultraviolet
spectrophotometer (SHIMADZU UV-2501) was employed
to determine the concentration of Cr(VI) ions. The adsorp-
tion capacity of Cr(VI) ions was calculated by the following
equation:

q,=(C,-C)V/m 1)

where g, (mg g~ ') was the adsorption capacity at a certain
time, C, (mg L™ 1y was the initial concentration and C, (mg
L~ ') was the concentration at a certain time. V (L) was the
solution volume, m (g) was the adsorbent mass.
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Fig.1 Schematic of the synthesis of PPy/rGO composite hydrogels

3 Results and Discussion

Figure 1 showed a schematic of the hydrothermal synthesis
process for PPy/rGO composite hydrogel when PPy nano-
tubes and GO were used as the precursors. It was impos-
sible to disperse PPy nanotubes uniformly in water and the
precipitation due to the aggregation of PPy nanotubes inevi-
tably happened even after long time sonication. It is well
known that the oxygen-containing groups such as carbonyl
and carboxyl groups endow GO with hydrophilicity. The
previous reports have demonstrated that GO could be used
as an effective dispersant like the surfactant to realize the
dispersion of carbon nanotubes or porphyrin assembly in
solution [27, 28]. Therefore, PPy was effectively dispersed
in the presence of GO with the aid of ultrasonication in this
work. As shown in Fig. 1, GO nanosheets was able to adsorb
PPy via n-w interaction between the aromatic structure of
GO and the conjugated chain of PPy, resulting in the for-
mation of a stable mixture suspension. Accompanied with
the reduction and self-assembly of GO nanosheets during
the hydrothermal process, PPy nanotubes dispersed in GO
aqueous solution were embedded into the graphene network
to obtain a three-dimensional composite hydrogel. The feed
ratio of PPy and GO on the formation of composite hydrogel
was further studied. After hydrothermal treatment, the black
suspension disappeared and a black product emerged from
the water for all of the cases. However, it was worth noting
that when the mass ratio of PPy and GO was below 1.5, the
as-prepared products were very fragile. Only the powders
were obtained after freeze drying for PG1 and PG2, as show
in Fig. 2. When the mass ratio of PPy and GO was 1.5, an
entire PG3 hydrogel was prepared and a self-standing block
was kept after freeze-drying. Moreover, the freeze-dried
PG3 hydrogel could support a counterweight, which was
about more than 1000 times of its own weight, as shown in
Fig. 2b. It indicated that a stable hydrogel was prepared in
the case of the increased amount of PPy nanotubes, which
might be related to the efficient network assembled by PPy
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(b)

Fig.2 a Photos of the products (above) and after freeze-drying from
top-view (below). b Photo of the freeze-dried PG3 supporting a coun-
terweight

Fig.3 SEM images of a GO,
b PPy, and ¢, d PG3
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nanotubes and graphene nanosheets. In our previous work,
the static oxidation polymerization of pyrrole monomer in
GO aqueous solution at room temperature resulted in the
formation of three-dimensional PPy/GO composite hydro-
gels by one-step self-assembly method [29]. This PPy/GO
composite hydrogel was very soft, just like playdough. How-
ever, in this work, PPy/rGO composite hydrogel prepared by
the hydrothermal treatment could support a counterweight.
Therefore, the hydrothermal treatment was essential for the
preparation of the composite hydrogel with good mechani-
cal property. The mass ratio of PPy and GO was further
increased in this work. It was unexpected that when the mass
ratio of PPy and GO reached and exceeded 2.5, the freeze-
dried hydrogels gradually lost their self-standing feature
although it seemed that the as-prepared products supported
themselves after hydrothermal process. Therefore, more or
less PPy nanotubes were not beneficial for the formation of
stable hydrogel. When less PPy nanotubes was present, the
network between PPy nanotubes and GO nanosheets was
weak, resulting in the unstable hydrogel. On the other hand,
it was uneasy for more PPy to disperse in GO aqueous solu-
tion, which was adverse for the preparation of the composite
hydrogel.

The morphologies of the freeze-dried GO, PPy, PG3
composite hydrogel were shown in Fig. 3. Several wrinkled
and smooth layers could be observed in SEM image of pure
GO. One-dimensional nanoblocks with a diameter of about
100-200 nm and a length of several micrometers could be
seen in SEM image of PPy, which was in agreement with our
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previous report [25]. For PG3 composite hydrogel, there was
a multilayered hierarchical porous network structure, where
one-dimensional PPy nanotubes were tightly intertwined
among graphene layers. The magnified image in Fig. 3d fur-
ther revealed that one-dimensional PPy close located to the
edges of graphene or link the adjacent individual graphene
nanosheets, which was in favor of the formation of the well-
defined and interconnected PPy/rGO composite hydrogel
driven by several interactions including 7-x conjugation and
physical entanglement of PPy and graphene.

XRD patterns of GO, rGO, PPy, and the composites were
given in Fig. 4 A and Fig. S1. The characteristic peak at
about 20=11° was attributed to the diffraction plane (001)
reflection of GO [30]. For rGO, the diffraction peak (001)
disappeared and the diffraction peak (002) at 2q=24.2°
appeared, indicating the disordered restacking of graphene
nanosheets. The weak around a 20 value of 20°-30° was
characteristic of the amorphous PPy macromolecules [31].
Interestingly, the composite of PG3 possessed the simi-
lar XRD pattern without the appearance of peak for GO,
indicating the formation of rGO in the composite hydro-
gel through the reduction of GO during the hydrothermal
treatment. Raman spectra of GO, rGO and PG3 were shown
in Fig. 4B. Two typical peaks at 1330 cm™! (D band) and
1585 cm™! (G band) were observed for GO and rGO [32].
For PG3, the two bands in the range of 1300-1590 cm™!
owing to C=C backbone stretching and ring-stretching
mode of PPy [33] were overlapped by the D and G bands
of graphene. However, it also contained a series of weak
peaks at about 900—1100 cm™!, belonging to C-H in-plane
deformation of pyrrole ring. The broad D band with weak
intensity in PG3 could be ascribed to the interaction between
PPy and graphene nanosheets [33, 34]. Moreover, the inten-
sity ratio Ip/I5 of GO (0.92) was lower than that of PG3 (1.1)
and rGO (1.3), which indicated that the reduction of GO into
rGO during the hydrothermal assembly process [35]. XPS
spectra of GO and PG3 were presented in Fig. 4c. After
the hydrothermal process, nitrogen atoms have been suc-
cessfully incorporated through the combination of PPy and
graphene. Moreover, the presence of a small peak belong-
ing to sulfur might be attributed to the residue of methyl
orange, which was doped into PPy during the synthesis of
PPy nanotubes. The BET specific surface area of the freeze-
dried PG3 composite investigated by nitrogen isothermal
adsorption was about 94.3 m* g~ !, which was larger than
those of PPy nanotube (22.5 m* g~!) and graphene aerogel
(68.3 m? g~ ). It is expected that the combined components
of PPy and graphene, together with the three-dimensional
network structures with high specific surface area in the PG3
composite hydrogel ensure its potential application in waste-
water treatment.

The feasibility of PG3 as an efficient adsorbent for Cr(VI)
removal was explored. The adsorption capacity of Cr(VI) for
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Fig.4 a XRD patterns of GO, rGO, PPy, and PG3. b Raman spectra
of GO, rGO and PG3. ¢ XPS spectra of GO and PG3
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PPy and PG3 with the adsorption time was first compared.
Apparently, the adsorption capacity of Cr(VI) for PG3 was
much larger than that of PPy, as shown in Fig. 5a. Moreover,
it was observed that adsorption capacity increased rapidly in
the initial stage and reached 50 % of the maximum adsorption
in about 60 and 90 min for PPy and PG3, respectively. Then it
continued to increase slowly until an adsorption equilibrium
arrived. These phenomena demonstrated that the initial Cr(VI)
adsorption mainly occurred on the surface of PPy and PG3,
and it need more time for PG3 to gradually spread into the
inner part of the composite hydrogel in contrast with the pow-
der PPy. Pseudo-second-order kinetic model for adsorption
of Cr(VI) was used to evaluate the adsorption properties of
PPy and PG3. The adsorption results were calculated by the
following pseudo-second-order equation [36]:
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Fig.5 a Adsorption capacity versus time of PPy and PG3. b Pseudo-
second-order kinetic model for adsorption of Cr(VI) by PPy and PG3
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where g, and g, were the equilibrium adsorption capacity
and adsorption capacity at a certain time, respectively, and
k, was the pseudo-second-order rate constant. As shown in
Fig. 5b, the linear behaviors between time and #/g, for PPy
and PG3 confirmed the good simulation by pseudo-second-
order model. The equilibrium Cr(VI) adsorption capacities
were calculated to be 383 and 225 mg g~ ! for PG3 and PPy,
respectively. These results indicated that PPG3 exhibited
much better Cr(VI) adsorption performance than PPy.

Langmuir isotherm model and Freundlich isotherm
model, expressed in the following Eqgs. 3 and 4, were further
used to simulate the adsorption thermodynamics for PG3,
respectively [37].

il 3)

1
%%=@h+;@@ )

where C, was the equilibrium concentration, g,, was the
maximum adsorption capacity, and k; was Langmuir adsorp-
tion constant, k, and n were Freundlich constants relevant
to the adsorption capacity and adsorption intensity, respec-
tively (Fig. 6). Based on the above equations, the correla-
tion coefficients were simulated to be 0.995 and 0.982 for
Langmuir and Freundlich model, respectively, which sug-
gested that the adsorption results were well fitted with Lang-
muir model. The maximum Cr(VI) adsorption capacity for
PG3 was 395 mg g~ !, which was close to the experimental
result shown in Fig. 5. The adsorption capacity calculated
from Langmuir model was compared with other PPy-based
adsorbents reported previously. As shown in Table 1, the
adsorption capacity of PG3 was higher than or compara-
ble to those of PPy-based composite and activated carbon
adsorbents. Moreover, this composite hydrogel could be
conveniently separated from the wastewater because of its
stable monolith.

Other cations, such as alkaline metal ions, generally
co-exist in the wastewater containing Cr(VI) ions. The
influence of Na*, K*, Mg?*, or Ca®* ions on the Cr(VI)
removal for PG3 was given in Fig. 7a. The adsorption
capacity of Cr(VI) just decreased about 10 % in the solu-
tions containing other metals likely owing to the co-exist-
ing ion effect. It suggested that the selective adsorption
of Cr(VI) ions was main for the prepared PG3 composite
hydrogel in favor of its potential practical application.
Furthermore, the stability and regeneration property of
the prepared PG3 composite hydrogel for economic con-
sideration were investigated. PG3 after adsorption was
immersed in 0.1 mol L™! NaOH solution followed by in
0.5 mol L™! HCI solution [45]. Figure 7b presented the
reusability and regeneration performance of PG3 after
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Table 1 Comparison of removal capacity of PG3 with other adsor-

bents

Adsorbents gy (mgg™") pH Ref.

PPy/attapulgite nanocomposite 49 3.0 [21]

graphene @Fe;0,@PPy microsphere 348 2.0 [22]

nanofibers of PPy-polyaniline 227 2.0 [38]

PPy porous nanoclusters 180 5.0 [39]

PPy-chitosan nanocomposite 79 2.0 [40]

PPy/m-phenylediamine/Fe;O, com- 555 2.0 [41]
posite

Polypyrrole/hollow silica particles 322 2.0 [42]

activated carbon from cassava peels 166 3.0 [43]

activated carbon from sugar beet 164 4.5 [44]
residue

PG3 395 2.0 This work
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3 4
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Fig. 7 a Effect of co-existing cations on Cr(VI) removal. b adsorption
cycles of Cr(VI) removal for PG3. ¢ The morphology of PG3 after six
cycles

six adsorption-desorption cycles. It showed that about
79.1 % of the Cr(VI) removal ability was kept, indicating
that PG3 can be used as a recyclable absorbent for Cr(VI)
ions. The used PG3 still presented as the one-dimensional
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Fig. 8 XPS high-resolution spectrum of Cr 2p after Cr(VI) adsorption

nanoblocks embedded into the graphene network, and no
obvious change was observed in the morphology (Fig. 7c¢).
Moreover, after six cycles of the adsorption-desorption
process, PG3 could still be separated easily because of its
stable architecture.

XPS spectrum of these composites after adsorption
was further recorded to investigate the mechanism of
efficient removal of Cr (VI) by PG3. As shown in Fig. 8,
two energy bands around 577.1 and 587 eV belonged to
Cr 2p;), and Cr 2p,,, respectively. It was worthy not-
ing that Cr 2p;;, peak could be divided into two valence
states at 576.6 and 578 eV, which are in agreement with
Cr(III) and Cr(VI), respectively. Meanwhile, Cr 2p,,, peak
could also be separated into two valence states at 586.7
and 588.5 eV, which are in accordance with Cr(III) and
Cr(VI), respectively [46]. Furthermore, the molar ratio of
Cr(VI) and Cr(III) was calculated to be about 42 and 58 %,
respectively. Therefore, both Cr(IIl) and Cr(VI) existed on
the PG3 composite hydrogel after Cr(VI) removal. The
appearance of Cr(III) could be ascribed to the reduction of
some adsorbed Cr(VI) ions by the electron-rich groups of
PPy macromolecules during the adsorption process [47].
When Cr(VI) ions appeared as HCrO,™ at pH2, leading
to electrostatically mediated Cr removal. First, the enrich-
ment of Cr(VI) on the composite occurred through elec-
trostatic interaction and ion exchange because PPy was
positively charged in the acid solution. Then, the portion
loaded by PG3 took part in a redox reaction. The redox
reaction between HCrO,~ and PPy happened due to the
higher redox potential of HCrO,~ in the acidic condition.
Therefore, the composite hydrogel and Cr(VI) underwent
electrostatic interaction, ion exchange, and redox reaction
for the removal of chromium.
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4 Conclusions

The PPy/rGO composite hydrogels were successfully fabri-
cated via anchoring one-dimensional polypyrrole nanotubes
on two-dimensional graphene nanosheets through hydro-
thermal treatment. The composite hydrogel exhibited high
removal ability of Cr(VI) owing to the three-dimensional
network and the synergistic interaction between PPy and
rGO. The adsorption kinetics and isotherms followed the
pseudo-second order kinetics and Langmuir adsorption iso-
therm model, respectively. The composite hydrogel retained
about 79.1 % of the removal performance after six successive
cycles. Therefore, the combination of excellent adsorption
efficiency, reusability, facile separating process ensured a
bright future of PPy/rGO composite hydrogel in the sustain-
able application of wastewater treatment.
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