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Abstract
A hierarchical reduced graphene oxide-MnO2@polypyrrole coaxial nanotube composite hydrogel are
prepared via oxidative polymerization of pyrrole in the presence of MnO2 nanotubes, followed by the
hydrothermal treatment of graphene oxide and MnO2@polypyrrole coaxial nanotubes. The stable
composite hydrogel with hierarchical network is composed of one-dimensional MnO2@polypyrrole
coaxial nanotube and two-dimensional graphene nanosheet and characterized by scanning electron
microscope, Fourier transform infrared spectroscopy, X-ray diffraction, Brunauer-Emmett-Teller surface,
and X-ray photoelectron spectroscopy measurements. The composite hydrogel can be used as an
e�cient adsorbent for Cr( ) removal due to the synergistic interaction between graphene and
MnO2@polypyrrole and the hierarchical structure of the hydrogel. Moreover, the composite hydrogel is
easily separated because of its stable monolith, and reusable (76.8% of removal ability remaining after
�ve adsorption-desorption cycles). The simple fabrication and cost-effective separation process together
with the excellent absorption performance endows the composite hydrogel with great potential for
practical wastewater treatment. 

1 Introduction
The hierarchical inorganic-organic composites have attracted growing attention because of their
structure-dependent properties and synergistic interactions from the multiple spatial arrangement of each
component, which brings about high surface area and low density as well as the interconnected
hierarchical structure [1–5]. Recently, there has been signi�cant interest in the rational design and
manipulated synthesis of the composites with hierarchical structures for potential applications in various
�elds [6–12]. In particular, graphene as a two-dimensional carbon-based nanomaterial with excellent
physicochemical properties, is considered as a basic nanoscale building block for the construction of the
materials with various architectures by controlling the assembly of graphene nanosheets [13–17].

In the past years, graphene-based composites with diverse features and hierarchical microstructures have
been fabricated by different methods through incorporating the functional components, such as metal
oxide, conducting polymers, and carbon nanotubes, into the graphene frameworks [18–25]. The
decoration of functional components anchored on graphene nanosheets not only endows graphene-
based composite with novel properties but also diminishes the agglomeration of graphene nanosheets,
and functional components themselves. For example, graphene/MnO2 composite was prepared by
immersing graphene hydrogel into KMnO4 aqueous solution under heat treatment for the fabrication of
an asymmetric supercapacitor [26]. Sadak et al. deposited electrochemically MnO2 nano�owers on
graphene paper as �exible and free-standing electrode material [27]. Wu et al. immersed melamine foam
into the aqueous solution containing graphene oxide (GO) and Fe(NO3)3 and carbonized to prepare a
hierarchical composite with microwave absorption property [28].
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Moreover, graphene-based composites have been widely used as adsorbents for the removal of metal
ions, such as antimonite, mercury, lead, copper, and arsenic, in the wastewater due to the large speci�c
surface area of graphene [29–33]. On the other hand, chromium is a common pollutant in the �elds of
electroplating, textile, inks, and other industries. It is known that Cr(VI) is more toxic than Cr(III) because it
can be accumulated in living organisms and result in irreversible damage to human [34, 35]. Therefore,
simultaneous adsorption and detoxi�cation of Cr(VI) is one of the most important tasks in various
methods. The research of graphene-based composites for Cr(VI) removal, especially Cr(VI) adsorption
and detoxi�cation through chemical reduction at the same time, is still an urgent �eld. Therefore,
developing high-performance graphene-based composites with facile preparation and simple separation
process for Cr(VI) removal through simultaneous adsorption and reduction is mandatory.

In our previous studies, polyaniline/GO composite hydrogel was prepared by the polymerization of aniline
in the aqueous solution containing phytic acid and GO [36]. Although the polyaniline/GO composite
hydrogel exhibited good adsorption and chemical reduction for Cr(VI) removal, the prepared hydrogel was
fragile. Hence, this fragile hydrogel could not be widely used in the practical application. In this work, a
facile synthetic route was designed and demonstrated for the preparation of hierarchical reduced
graphene oxide-MnO2@polypyrrole coaxial nanotube composite hydrogel. The composite hydrogel could
possess several advantages for e�cient remove Cr(VI) from wastewater. Firstly, one-dimensional
MnO2@PPy coaxial nanotubes and two-dimensional GO nanosheets were assembled into three-
dimensional composite hydrogel with hierarchical structure during the hydrothermal process, which
bene�ted the removal capability. Moreover, it could be easily separated from the aqueous solution after
adsorption because of the stable monolith and be recycled.

2 Experimental

2.1 Synthesis of MnO2@polypyrrole coaxial nanotube (MP)
composite
MnO2 nanotubes were �rst prepared according to the previous report with minor modi�cation [37]. Then,
100 mg of MnO2 nanotubes, 100 mg of sodium dodecyl benzene sulfonate and 100 mg of pyrrole were
added into 20 mL of deionized water in sequence. After stirred for 30 min, the aqueous solution of
ammonium persulfate (10 mL, 10 mg mL− 1) was dropped into the above mixture. The reaction was
conducted at 30 oC for 3 h. The brown-black precipitates were �ltered, and washed by lots of deionized
water until the �ltrate was colorless and �nally dried at 60 oC in a vacuum oven for 8 h.

2.2 Synthesis of reduced graphene oxide-
MnO2@polypyrrole coaxial nanotube (GMP) composite
hydrogel
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Graphene oxide (GO) was prepared referring to the modi�ed Hummers’ method [22, 38]. 10 mL of GO
solution (4 mg mL− 1) was prepared, and 40 mg of MP was added under vigorous stirring, followed with
ultrasonication for 30 min. The above mixture was poured into a 100-mL Te�on-lined autoclave and
heated at 180 oC for 12 h.Then, the as-prepared GMP was taken out from the autoclave and immersed in
deionized water for 48 h.

2.3 Characterization
The morphology of the composite was characterized by a scanning electron microscope (SEM, JSM-
5510LV, JEOL Co.). Fourier transform infrared spectroscopy (FTIR) was performed with a Nicolet Impact-
420 spectrophotometer using KBr pressed pellet. X-ray diffraction (XRD) patterns were recorded on a
PHILIPS PW 3710 diffractometer (Cu Kα radiation source). X-ray photoelectron spectroscopy (XPS) was
performed using ESCALB MK-II (VG Co. Ltd., England). Brunauer-Emmett-Teller (BET) surface area was
determined on a Micromeritics ASAP 2010 M apparatus.

All of the Cr( ) removal experiments were carried out by adding 10 mg of GMP into 60 mL of Cr( )
solution with different concentrations at pH = 3.0. The concentration of Cr( ) was measured using an
ultraviolet spectrophotometer (SHIMADZU UV-2501). The removal capability was given using the
following equation:

qt = (Co-Ct)V/m

where qt (mg g− 1) was the removal capacity at a certain time, C0 (mg L− 1) was the initial concentration

and Ct (mg L− 1) was the concentration at a certain time, V (L) represented the volume of the solution, m
(g) stood the mass of the used adsorbent.

3 Results And Discussion
It was di�cult for MP composite to be dispersed uniformly in aqueous solution because of the heavier
core of MnO2 nanotube in MP composite. The precipitation of MP composites inevitably occurred even
after a long time ultrasonication. But GO is hydrophilic due to the carbonyl and carboxyl groups in GO
nanosheets. GO has been used as an effective dispersant to help the dispersion of carbon nanotubes or
porphyrin assembly in the previous reports [39, 40]. With the assist of stirring and ultrasonication, MP
composites were distributed around GO nanosheets. Moreover, the interaction of π-π stacking between
the aromatic region of GO and the conjugated macromolecular chain of PPy existed, which was
bene�cial for preventing MP composites from aggregation and precipitation, resulting in the formation of
a stable aqueous mixture. During the following hydrothermal process, MP composites were embedded
into the graphene network and eventually a black self-standing three-dimensional composite hydrogel
was obtained, as shown in Fig. 1a. It indicated the capability of GO nanosheets to effectively disperse MP
composites in water and their self-assembly in the next hydrothermal process. Furthermore, the freeze-
dried GMP hydrogel exhibited satisfactory press-resistance and could support at over 1200 times of its
own weight with negligible deformation, as shown in Fig. 2b.
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The morphologies of MnO2, MP, and GMP were shown in Fig. 2. The as-prepared MnO2 possessed one-
dimensional nanostructure with clearly open end (the yellow cycle marked in Fig. 2a), which was similar
to those reported previously [37]. MnO2 nanotubes had smooth surface with the diameter of 70–100 nm
and the length of 1–2 micrometer. It was worthy noting that the surface turned much rougher and the
diameter grew bigger to about 120–180 nm for the one-dimensional nanoblocks of MP composites, as
shown in Fig. 2b, which suggested that MnO2 nanotubes were successfully coated by PPy. For the case
of GMP, several wrinkled layers of graphene could be seen in Fig. 2c. One-dimensional nanoblocks of MP
were distributed among graphene nanosheets and especially, several nanoblocks of MP were located to
the edge of graphene or linked with the adjacent graphene nanosheet. The interactions, such as hydrogen
bonding, π-π conjugation, and physical entanglement between MP and graphene resulted in the
formation of the well-de�ned hierarchical composite hydrogel.

The molecular structure and crystal structure of GMP were investigated by FTIR and XRD, respectively. As
shown in Fig. 3a, the characteristic peaks at 720, 522 and 465 cm− 1 belonged to Mn-O vibration of MnO6

octahedra in MnO2 nanotubes [41], and the peak at 1649 cm− 1 was attributed to O-H vibration of

adsorbed water. The characteristic peaks of GO at 1725, 1408, 1201, and 1040 cm− 1 were ascribed to the
carbonyl/carboxyl, hydroxyl, epoxy C-O and alkoxy C-O vibrations, respectively (Fig. 3b). However, in the
FTIR spectrum of GMP, the peak at 1725 cm− 1 belonging to carbonyl/carboxyl vibration of GO
disappeared, suggesting the reduction of GO during the hydrothermal process. Moreover, the peaks at
1552 and 1464 cm− 1 were related to the symmetric and anti-symmetric pyrrole-ring stretching vibration,
respectively [42]. The peaks at about 1200, 1042, and 920 cm− 1 were ascribed to stretching vibrations of
C-N stretching, C-H in-plane deformation, and C-H out-of-plane vibrations, respectively. The peak at 515
cm− 1 was assigned to Mn-O. The spectral information manifested that PPy was coated closely on MnO2

surface and GO was reduced in GMP composite hydrogel. The XRD patterns of GO, MnO2, and GMP were
given in Fig. 4a. XRD pattern of MnO2 nanotubes could be indexed with the (110), (200), (310), (211),
(301), (411), and (521) crystal planes of α-MnO2 (JCPDS 44–0141). And most of MnO2 diffraction peaks
appeared in the XRD pattern of GMP. It was worth to notice that the intensities of the peaks corresponding
to MnO2 were attenuated and there was a broad and weak peak centered at 25o, con�rming the presence

of amorphous PPy on MnO2. Moreover, the strong and sharp peak at about 11o belonging to the
diffraction plane re�ection of GO entirely disappeared in the XRD pattern of GMP. It indicated the
coexistence of graphene, PPy, and MnO2 in GMP composite hydrogel, which was agreement with the FTIR
results. The BET speci�c surface area of GMP was further investigated by nitrogen isothermal
adsorption. The introduction of the rough MP composites increased the speci�c surface area of GMP to
104 m2 g− 1 while those of pure graphene aerogel and MP composite were 68 m2 g− 1 and 36 m2 g− 1,
respectively (Fig. 4b). It suggested that the existence of MP could weaken the restacking of graphene
sheets. Pure graphene obtained by hydrothermal treatment had a low density of 0.04 g cm− 3, and with
the incorporation of MP, the bulk density of GMP increased to 0.09 g cm− 3. The three-dimensional porous
structure of GMP ensured it to be a kind of ultralight material. Therefore, GMP with stable three-
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dimensional network structures and high speci�c surface area, as well as the components afford its
promising application for Cr(VI) removal.

Fig. 5 showed the adsorption isotherms of Cr(VI) for MnO2, graphene and GMP. It was obvious that the
Cr(VI) removal ability for GMP was larger than those of graphene and MnO2. The relationship between
Ce/qe and Ce was further simulated based on the following Langmuir model [43] in Fig. 5b, 

where Ce was the equilibrium Cr( ) concentration (mg L− 1), qm was the maximum adsorption capacity

(mg g− 1), and kL was Langmuir adsorption constant, respectively. The adsorption data of Cr(VI) for GMP
were �tted well with Langmuir model due to correlation coe�cient 0.996. The value of qm for GMP was

calculated to be 289 mg g− 1, close to the experimental value shown in Fig. 5a, while the values of qm for

MnO2 and graphene were only 70 and 120 mg g− 1. The adsorption capacity for GMP from Langmuir

model was higher than or comparable with that of PPy/attapulgite core-shell nanocomposite (49 mg g− 1)
[44], that of polyaniline/poly(vinyl alcohol) aerogels (41 mg g− 1) [45], that of graphene-based hydrogel
(139 mg g− 1) [46], that of GO decorated with magnetic cyclodextrin (120 mg g− 1) [47], that of porous PPy
nanoclusters (180 mg g− 1) [48], that of MnO2 nanowires-deposited diatomite (197 mg g− 1) [49].

The adsorption kinetics of GMP was also studied, as shown in Fig. 6a. The adsorption amounts
increased quickly at the initial stage. After 90 min, it reached about 51.9% of the maximum adsorption
capacity. Then, it kept on increasing slowly until adsorption equilibrium. It indicated that the adsorption at
the initial stage mainly occurred on the surface of GMP, and then gradually spread into the inner of GMP.
In order to assess the adsorption property of GMP, the pseudo-second-order model was used according to
the following equation,

 

where qe and qt were the equilibrium adsorption capacity and adsorption capacity at a certain time,
respectively and k2 was the pseudo-second-order rate constant. The behaviors between time and the

value of t/qt were linear with correlation coe�cient r2 = 0.997 (Fig. 6b), demonstrating Cr( ) adsorption for
GMP was chemisorption process. The equilibrium Cr( ) adsorption capacity (qe) calculated from the

slope was 284 mg g-1, which consisted with the experimental results (Fig. 5a).

The in�uence of coexisting ions and temperature on the removal ability for GMP was further investigated.
As shown in Fig. 7a, the removal ability of Cr(VI) decreased about 10% in the aqueous solutions
containing Na+, K+ or Ca2+ ions probably due to the competition of co-existing ion. As shown in Fig. 7b,
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the removal capacity increased 1.1 times when the temperature increased from 25 to 35 oC, suggesting
the adsorption process was endothermic. It is important for the adsorbents to be easily separated and
regenerated e�ciently for the practical application. In our work, solvent regeneration was adopted to
recycle GMP. After the �rst adsorption, GMP was directly taken out from the wastewater because of its
stable monolith. Then, it was desorbed in 0.1 mol L-1 NaOH solution and recycled in 0.5 mol L-1 HCl
solution [50]. Figure 7c showed adsorption ability of GMP. About 76.8% of the Cr(VI) removal capacity
could be kept after �ve adsorption-desorption cycles. Furthermore, GMP could still be separated from the
wastewater by directly taking out after �ve cycles. XPS high-resolution spectrum of Cr 2p for GMP after
adsorption was also shown in Fig. 7d. There were two energy bands at 577.2 and 586.9 eV belonging to
the binding energies of Cr 2p3/2 and Cr 2p1/2, which indicated that both Cr(III) and Cr(VI) existed in GMP
after adsorption. The presence of Cr(VI) and Cr(III) species was ascribed to the adsorption of Cr(VI) ions
through the anion exchange and the reduction of some adsorbed Cr(VI) to Cr(III) by PPy moieties during
the adsorption process, respectively. The above results indicated that GMP could be used as an e�cient
Cr(VI) absorbent with high removal capability, easy-separation and recyclebility.

4 Conclusions
We demonstrated the construction of graphene-MnO2@PPy composite hydrogel through in situ
polymerization and hydrothermal process. The interconnection of MnO2@PPy coaxial nanotubes on
graphene nanosheets resulted in the porous composite hydrogel with hierarchical three-dimensional
network. The GMP composite hydrogel could e�ciently remove Cr(VI) from wastewater and the
corresponding adsorption isotherms and kinetics were well �tted with Langmuir and pseudo-second-order
models respectively. Its adsorption capacity was calculated to be about 289 mg g− 1 owing to the
simultaneous adsorption and reduction of Cr(VI). Moreover, it could be easily separated from the aqueous
solution after adsorption and be reused through a simple regeneration. Considering on the hierarchical
structure and the interaction among the components of the hydrogel, it is expected that the prepared GMP
are promising for Cr (VI) removal in the industrial �eld.
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Figures

Figure 1

Photos of GMP (a) before and (b) after holding a balancing weight.  
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Figure 2

SEM images of (a) MnO2, (b) MP, and (c) GMP.
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Figure 3

FTIR spectra of (a) MnO2, (b) GO, and (c) GMP.

Figure 4
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(a) XRD patterns of GO, MnO2, and GMP. (b) The density (bottom) and BET speci�c surface area (top) of
MP, GMP, and graphene.

Figure 5

(a) Cr(VI) adsorption isotherm curves of GMP, MnO2 and graphene. (b) their corresponding linear
variations based on Langmuir isotherm model.

Figure 6

(a) Cr(VI) adsorption kinetics curve of GMP. (b) Pseudo-second-order kinetic model of GMP. 
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Figure 7

In�uences of (a) co-existing ions and (b) temperature on the Cr(VI) removal. (c) Cycle stability of GMP
hydrogel. (d) XPS high-resolution spectrum of Cr 2p after Cr(VI) adsorption. 


