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This paper describes a versatile, and simple synthetic route for the preparation of a range of reduced
graphene oxide (RGO)–metal/metal oxide composites and their application in water purification. The
inherent reduction ability of RGO has been utilized to produce the composite structure from the respective
precursor ions. Various spectroscopic and microscopic techniques were employed to characterize the
as-synthesized composites. The data reveal that the RGO-composites are formed through a redox-like
reaction between RGO and the metal precursor. RGO is progressively oxidized primarily to graphene
dsorption
educed graphene oxide composites
ercury

upported composites
ater purification

oxide (GO) and the formed metal nanoparticles are anchored onto the carbon sheets. Metal ion scavenging
applications of RGO–MnO2 and RGO–Ag were demonstrated by taking Hg(II) as the model pollutant. RGO
and the composites give a high distribution coefficient (Kd), greater than 10 L g−1 for Hg(II) uptake. The
Kd values for the composites are found to be about an order of magnitude higher compared to parent
RGO and GO for this application. A methodology was developed to immobilize RGO-composites on river
sand (RS) using chitosan as the binder. The as-supported composites are found to be efficient adsorbent
candidates for field application.
. Introduction

A great challenge for this century lies in cleaning-up the waste
enerated during industrial, domestic and agricultural activities.
ater, an essential fluid on which all life depends, is heav-

ly affected by such activities. Among the various contaminants
ound in water, heavy metals require special attention because of
heir toxic effect on humans and the environment, even at very
ilute concentrations [1]. Technologies like adsorption, precipita-
ion, membrane separation, amalgamation, and ion-exchange have
een used to remove such contaminants from water [2]. However,
dsorption is proved to be economical and efficient over other tech-
ologies, especially for removing pollutants from dilute solutions
1–3]. The efficacy and utility of adsorbents greatly depend upon
he affinity of target contaminants towards the adsorbents.

Carbon is a versatile adsorbent that is heavily used in the

emoval of various pollutants including heavy metals from aque-
us solutions [2,4–8]. Various forms of carbon and their composites
ave been investigated to improve the adsorption efficacy [9–12].
raphene [13], the latest member of the carbon family is believed to
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be one of the most interesting materials of this century. Graphene
and its composites offers utility in several applications due to
its unique two-dimensional nature and associated band structure
[14–16]. Most of these composites were proposed either for cat-
alytic or electronic applications [17–23]. The most important and
widely used application of bulk carbon is in environmental reme-
diation. Features like large surface area and presence of surface
functional groups make single sheets of carbon and their com-
posites an attractive adsorbent candidate for water purification.
However, the use of graphenic materials for large-scale and down
to earth applications like water purification is limited. This is mainly
because of the difficulty in large-scale synthesis. The ability to make
GO through chemical methods [24] and its subsequent reduction
to reduced graphene oxide (RGO) opened up the possibility for
the mass production of graphene in solution phase [25–27]. The
properties of GO or RGO can be easily enhanced through chemical
modifications. Several attempts have been made to produce GO and
RGO-composites [17–23]. Recent literature suggests that RGO, GO
and their composites are getting into environmental remediation
[12,28–30]. RGO-magnetite and GO-ferric hydroxide composites

were used for the removal of arsenic from water [28,30]. Iron based
oxides and hydroxides are known to remove arsenic from drinking
water [31–33]. The reports show that RGO and GO supported mate-
rials have higher binding capacity compared to free nanoparticles
[28]. A study by Hu et al. also showed that RGO is antibacterial

dx.doi.org/10.1016/j.jhazmat.2010.11.100
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:pradeep@iitm.ac.in
dx.doi.org/10.1016/j.jhazmat.2010.11.100


922 T.S. Sreeprasad et al. / Journal of Hazardous Materials 186 (2011) 921–931

) KMn

[
o
c
[

t
p
t
a
m
s
e
r
o
t
t

m
i
A
e
w
T
s
p
t
i
m
s
c
R
w

Fig. 1. UV/vis spectra of RGO after the addition of metal ions. (A

29] and this property may help in preventing the development
f biofilm on the filter surface due to bacterial growth, which can
ause unwanted tastes and odors or prematurely clogging of filters
34].

Important aspects to be considered for the large-scale produc-
ion of RGO-composites are ease of synthesis and post synthesis
urification. In most of the existing methods of composite prepara-
ion, constituents were separately prepared and mixed or external
ids were employed for the production of composites, which has
any limitations in large-scale synthesis. Another aspect for using

uch composites for application such as water purification is the
ase of solid–liquid separation and post treatment-handling. Labo-
ious processes like high speed centrifugation, membrane filtration,
r magnetic separation are not practical for many end-users. A prac-
ical adsorbent material has been demonstrated here which shows
hat RGO-based materials are also field adaptable.

In this report, we propose a simple strategy to synthesize
onodispersed and uncapped nanoparticles of silver, gold, plat-

num, palladium and manganese oxide on the surfaces of RGO.
n in situ homogenous reduction strategy utilizing the inher-
nt reducing properties of RGO to produce composite materials
as explored, at room temperature without any external aids.

he simple methodology adopted here permits to make large-
cale composites with good control over the particle size. The
rocess uses the inherent reduction ability of RGO, simplifying
he post-synthesis treatment and thereby increasing the viability
n commercial applications. Among the materials prepared, one
etal (Ag) and one metal oxide (MnO2) based composites were
elected, considering their possible utility in mitigating range of
ontaminants from water [3,35]. The applicability of RGO–Ag and
GO–MnO2 were demonstrated for removing heavy metals from
ater. Hg(II), one of the most toxic metals found in the environ-
O4, (B) Au3+, (C) Ag+, and (D) Pt2+. Spectral changes are marked.

ment [10], was used as the model pollutant. The effects of mercury
on humans and the environment have been documented [1,36].
Considering the practical difficulty in using RGO and its composites
as such in water purification, a simple methodology was devel-
oped to immobilize the composites on a cheap and inert support
like river sand (RS). Chitosan (Ch), an abundantly available and
environment-friendly biomaterial was used as a binder for this pro-
cess. The supported RGO-composites were also demonstrated for
Hg(II) uptake and their applicability in the field of water purifica-
tion. Various microscopic and spectroscopic techniques were used
to probe the composite formation and attachment of Hg(II) onto
the composites.

1.1. Preparation of various RGO-composites

GO synthesis from graphite powder was carried out based on
the modified Hummers method [24,37] (Supplementary data S1a
and b). The GO reduction to RGO was carried out similar to a proce-
dure reported by Li et al. [27] (Supplementary data S1c). For making
RGO-composites, 25 mL of RGO (0.01 wt%) were taken in a 50 mL
beaker and calculated volumes of the metal ion precursors (KMnO4,
HAuCl4, AgNO3, H2PtCl6, PdCl2) were added such that the final con-
centrations in the solution were 0.01, 0.025, 0.05, 0.1, and 0.3 mM.
This was incubated undisturbed for 12 h at 30 ± 2 ◦C under ambient
conditions. No mechanical stirring or sonication was used. Later,
all the solutions were put for dialysis against distilled water. After
dialysis, the samples were stored in glass bottles for further use.
1.2. Preparation of chitosan–RGO-composites@RS

In order to support RGO-composites on RS, the following proto-
col was adopted. Initially, the as-prepared RGO–MnO2/RGO–Ag and
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hitosan solution (0.8% chitosan in 1.5% acetic acid) were mixed in
:1 ratio. The mixture was stirred thoroughly to obtain a homoge-
ous dispersion. 25 mL of the homogeneous dispersion was added
o 10 g of RS and mixed thoroughly. The mixture was dried at 40 ◦C
nder constant stirring to ensure uniform coating. To stabilize the
oating, the dried samples were soaked in ammonia solution (35%)
or 1 h and subsequently washed with distilled water, until the pH
f the wash water become nearly neutral. The materials were dried
t 40 ◦C overnight and stored in glass bottles for further use.

.3. Adsorption experiments

RGO–MnO2 and RGO–Ag, both in supported and unsupported
orm, were evaluated for their utility in Hg(II) removal from water.
he Hg(II) uptake capacities of various other adsorbents, includ-
ng RGO, activated carbon (AC), Ag impregnated carbon (AC–Ag),

nO2 impregnated carbon (AC–MnO2), RS, and Chitosan (Ch) were
ompared with RGO-composites. For this, batch adsorption exper-
ments were carried out in 20 mL glass bottles and the working
olume was maintained as 10 mL. Homogenous adsorbent disper-
ions were taken in the reactor and the target pollutant was spiked
nto this solution to get the required concentration (1 mg L−1) of
g(II). For RGO-composites immobilized on RS, 250 mg of adsor-
ent was weighed and added to 10 mL of 1 mg L−1 of Hg(II)
olution. In all the experiments, solutions were kept for stirring
t 30 ± 2 ◦C. The samples were collected at predetermined time
ntervals and analyzed for residual mercury. The solid-liquid sepa-
ation was done either by membrane filtration or by simple settling
epending upon the adsorbents employed. The filtration proto-
ol consists of filtering adsorbent dispersion through a 200 nm
embrane filter paper (Sartorius Stedim Biotech, Sartorius Bio-

ab Products) followed by 100 nm anodized filter paper (Whatman,
chleicher and Schuell). For conducting adsorption experiments in
eal water, the water was simulated by spiking ∼1 mg L−1 of Hg(II)
nto a groundwater sample collected from Kotlapalli, Puttaparthi,
ndhra Pradesh, India. The water quality characteristics are given in
upplementary data S2, Table 1. The Hg(II) concentrations present
n solution were determined by using a PerkinElmer 5300 DV series
nductively Coupled Plasma (ICP-AES) analyzer.

.4. Distribution coefficient (Kd) measurements

The binding ability of a surface to an ion can be calculated
rom the distribution coefficient, Kd and it is a frequently used
ool to compare the adsorbent performance [38,39]. It is defined as
he mass-weighted partition coefficient between the liquid super-
atant phase and the solid phase and can be express as:

d = (Ci − Cf) × V

CfM

here Kd is the distribution coefficient (mL g−1); Ci is the initial
oncentration of the target pollutant and Cf is the final concentra-
ion of the pollutant in aqueous medium; V is the solution volume
mL), and M is the mass of the adsorbent (g).

. Results and discussion

.1. Characterization and mechanism of RGO-composites
ormation
Fig. 1 shows the UV/vis spectral (Lambda 25 Spectrometer,
erkin-Elmer, USA) changes accompanied by the addition of dif-
erent metal ions to RGO suspensions. Fig. 1A shows the spectral
hanges observed after the addition of KMnO4. All the spectral
eatures are marked in the figure. KMnO4 is known to show
Fig. 2. TEM images of RGO–MnO2 (0.05 mM) at various magnifications showing
nanoparticles attached to RGO. Folded RGO sheets are marked with arrows in (A).

two prominent features in the UV/vis spectrum [40,41]. The first
absorption is in the visible region, situated at 17,700 cm−1, or
about 525 nm, which corresponds to yellow. The second band is
at 29,500 cm−1, or around 340 nm and is in the UV range [40,41].
We can see both of these bands in the UV/vis spectrum (Fig. 1A).
At lower concentrations, there is no peak corresponding to KMnO4.
The graphenic peak at 270 nm as well as a broad peak characteristic
of metal oxide (around 400 nm), in this case MnO2, can only be seen.
Spectral changes indicate the reduction of KMnO4 to colloidal MnO2
nanoparticles [42]. The KMnO4 feature at 525 nm begins to appear
when the concentration of KMnO4 reaches 0.1 mM. It shows that at

this concentration onwards, the reduction is incomplete. There is a
blue shift for the graphenic peak, at higher concentration of KMnO4
added. This blue shift is an indication of the oxidation of RGO to GO
[27,43]. These results can be interpreted as the oxidation of RGO by
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Fig. 3. TEM images of RGO–Ag (0.05 mM) show

MnO4, which gives GO and MnO2. The UV/vis spectra of the redox-
eaction were recorded with respect to time (Supplementary data
3). There is a clear isosbestic point, emphasizing the simple redox-
ike nature of the reaction. We extended the process to understand
he reductive capacity of RGO with Ag. Fig. 1C shows the UV/vis
pectral characteristics for the reduction of Ag+ by RGO. The char-
cteristic plasmon of Ag nanoparticles around 410 nm is visible.
ore prominent plasmon peaks are observed at higher precursor

oadings. The studies were extended to other metals such as Au3+,
g and Pt2+ as well. RGO was able to reduce all the tested ions and
howed blue shift in the graphenic peak upon increasing the con-
entration of the precursor ion added, pointing to oxidation of RGO
27,43].

Fig. 2 shows the TEM (JEOL JEM 3010, Japan) images taken from
he sample containing 0.05 mM of KMnO4. We can see large islands
f MnO2 nanoparticles on the RGO sheets. In Fig. 2A, folded RGO
heets can be seen on which particles are attached. The graphenic
ature of the composite can be seen from the characteristic wrin-
les present on the sheets [44,45] (Fig. 2, Supplementary data S4).
oreover, the edges and wrinkles were measured to be around
1–1.5 nm thick, which is close to a bilayer thickness [45]. Even
fter the formation of the composites, the structure of the RGO
heets remained same (with wrinkles). Fig. 2B shows a higher
agnification image, showing definite islands of nanoparticles

f around 10 nm in size. Individual nanoparticles of smaller size
egime (∼5 nm) can also be seen. Inset of Fig. 2B shows a lattice
esolved image of the nanoparticle formed. The lattice was indexed
o {1 0 0} and {1 1 0} planes of �-MnO2 with a spacing of 0.25 nm,
nd 0.14 nm, respectively [46,47]. Fig. 3 shows the TEM micro-
raphs of RGO–Ag sample (0.05 mM). The large area image (Fig. 3A)
hows that the particles are well separated, devoid of aggregation
nd in the size range of 10–15 nm. Fig. 3B shows a lattice resolved
mage of the nanoparticle. The {1 1 1} plane with a d-spacing of
.235 nm [48], characteristic of cubic Ag, is marked in the figure.
ypical of the nature of Ag nanoparticles, some polydispersity can
e seen at places (Supplementary data S5).

The precursor concentration dependent TEM images were
ecorded (Fig. 4). As the concentration of added KMnO4 increases,
he density of MnO2 islands increased (Fig. 4A1–A3). In all the
amples, the size of the island and the nanoparticle sizes are con-

tant. In the case of RGO–Ag, with increase in AgNO3 concentration,
ize of the nanoparticles formed also increased. Fig. 4B1–B3 clearly
hows this aspect. At the lowest concentration, the particle size is
round 3–5 nm. As the concentration increased to 0.025 mM, the
ell dispersed nanoparticles over a RGO sheet.

size increased to 5–8 nm and at 0.05 mM the size was 10–20 nm.
Similar observations are seen in case of all the metals studied
(Supplementary data S6, S7, S8, S9 and S10).

Raman spectrum is a powerful tool for the characterization of
carbon based materials. We explored our composites with Raman
spectroscopy (WiTec GmbH CRM 200, Germany). The spectrum of
RGO–MnO2 showed features of RGO and MnO2 (Supplementary
data S11). The presence of Mn–O vibration at 632 cm−1 confirmed
the presence of MnO2 in the composite and based on previous
reports, the phase present may be �-MnO2 [49]. Fig. 5 shows
the expanded view of the Raman spectra of the composites, in
the region of characteristic D- and G-band of RGO, with different
metal/metal oxide loading. In a typical synthesis, GO showed D-
band at 1345 cm−1 and G-band at 1598 cm−1. After the reduction
to RGO, the D-band remained the same but G-band shifted to lower
frequency region (1580 cm−1), confirming the reduction [43,50].
The Raman spectra of the composites show interesting observa-
tions. From the spectra we can see that the D-band remained the
same irrespective of the KMnO4 concentration. However, the G-
band shifted to higher frequency region with respect to RGO. As
the concentration reached 0.1 mM, the G-band position is more or
less similar to that of GO implying the oxidation of RGO to GO
by KMnO4 [43,50]. This confirms a redox-like reaction between
RGO and KMnO4, which results in the oxidation of RGO to GO and
the reduction of KMnO4 to MnO2 nanoparticles. Similar observa-
tions are seen in the case of RGO–Ag composite as well. However,
the extent of oxidation was lesser for the same concentration of
metal content, compared to KMnO4. This is understandable, since
the reduction of Ag(+1) to Ag(0) requires only lesser number of
electrons compared to the reduction of Mn(+7) to Mn(+4).

The redox reaction was characterized by XPS (ESCA Probe TPD
of Omicron Nanotechnology, polychromatic Mg K� (hv = 1253.6 eV)
was used as the X-ray source) as well. Fig. 6 shows the XPS spectra
of sample containing different loadings of Mn. In all the samples,
Mn 2p3/2 peak is centered around 641.8 eV while the Mn 2p1/2
peak is around 653.5 eV with �J of 11.7 eV, indicating the reduc-
tion of KMnO4 to MnO2 nanoparticles [51]. As the concentration
of added KMnO4 increased, the feature of Mn(IV) in the spectra
become more prominent (Fig. 6C1–C3). The corresponding oxida-
tion of RGO can be seen in carbon and oxygen regions. In the first

sample, the carbon spectrum is having only very less extent of
oxidation (Fig. 6A1). But, as the concentration of KMnO4 added
increased, the signatures of oxidation in the carbon also increased.
In the first sample (0.025 mM), only two components are seen, the
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ig. 4. Concentration dependent TEM images of RGO–MnO2. (A1) 0.01 mM, (A2) 0.0
nsets in all figures show the lattice resolved images taken from the same sample. A

onoxygenated ring C 1s (284.7 eV) and carbonyl carbon (C O)
288.4 eV). At higher concentrations of KMnO4, more oxygenated
eaks started showing up. In the second sample (0.05 mM), three

omponents can be seen: the non-oxygenated ring carbon at 284.7,

in C–O at 286.4 eV and the C in C O around 288.4 eV. In the
hird sample (0.1 mM), four components at 284.7 (non-oxygenated
ing carbon), 286.4 (C in C–O bonds), 288.4 (carbonyl carbon, C O)
, and (A3) 0.05 mM and RGO–Ag; (B1) 0.01 mM, (B2) 0.025 mM, and (B3) 0.05 mM.
le bars in the insets correspond to 5 nm.

and 289.2 (the carboxylate carbon, O–C O) are seen [26,43,52].
All the oxygenated features increased in intensity as the concen-
tration of KMnO4 added into RGO increased. The same trend was

observed in the O 1s spectra as well. On deconvolution, each sam-
ple showed three components. First component centered around
530 eV can be ascribed to O 1s feature of metal oxide [53]. Oxygen
in carbonyl (C O) and carboxylate functionalities (O C–OH) in GO
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Fig. 5. Raman spectra of (A) RGO–MnO2 composite and (B) RGO–Ag c

re also known to give features around 530 eV [52]. The second
omponent centered around 532 eV is due to the hydroxyl oxygen
C–OH) in GO [52]. The third component around 533 eV may be
ue to adsorbed water or C–O [53]. These observations indicate the
edox-like nature of the process.

The RGO–Ag composite was also analyzed by XPS
Supplementary data S12). The data showed that with increase
n AgNO3 loading, more and more RGO is getting oxidized. But,

imilar to the observation in Raman, the extent of oxidation was
uch lesser compared to the RGO–MnO2 composite, supporting

ur proposition (Supplementary data S12). The metal composites
ere analyzed by EDAX (INCA, Oxford Instruments, UK) as well.

Fig. 6. XPS spectra of samples containing (1) 0.025 mM, (2) 0.05 mM, a
site, at different loading of MnO2 and Ag. Peak positions are marked.

All the EDAX spectra showed metal content and the correspond-
ing imaging showed a uniform distribution of particles on the
RGO sheets, which has a one to one correspondence with the
corresponding TEM images (Supplementary data S13 and S14).

To further strengthen the involvement of RGO in reaction pro-
cess and to rule out the participation of residual hydrazine, GO
was reduced hydrothermally. The hydrothermally synthesised RGO
[54] (RGOH) was utilized for the formation of composite. RGOH also

shows similar UV/vis features while the formation of the compos-
ite. TEM also reveals a similar structure (Supplementary data S15).
This along with other experimental evidences clearly supports the
claim about the reduction ability of RGO.

nd (3) 0.1 mM KMnO4. (A) C 1s, (B) O 1s, and (C) Mn 2p regions.
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ig. 7. SEM images of (A) Ch–RGO–Ag@RS, (B) Ch–RGO–MnO2@RS; inset in ‘A’
h–RGO–MnO2@RS, and (d) Ch–RGO–Ag@RS, (D) photograph of RS, Ch–RGO–MnO2

.2. Characterization of supported RGO-composites

Fig. 7A shows the SEM image of Ch–RGO–Ag@RS. The particles
re micrometers in size and can settle easily by sedimentation.
nset photograph shows the SEM image of RS. Fig. 7B shows
he SEM image of Ch–RGO–MnO2@RS. EDAX analysis reveals the
resence of Ag and MnO2 on the surface of RS (Supplementary
ata S17 and S18). The presence of chitosan is confirmed by
he nitrogen signal in both composites (Supplementary data S16
nd S17). The supported composites were also characterized by
aman spectroscopy (Fig. 7C). All composites showed a fluo-
escence background, indicating the presence of chitosan. The
resence of Si–O bending (440 cm−1) [55,56] in all the above com-
osites confirm the presence of SiO2. The clear features of RGO
broad D and G band) are evident in both Ch–RGO–MnO2@RS and
h–RGO–Ag@RS, indicating that RGO-composites are effectively

mmobilized on RS surface. Characteristic Mn–O (630 cm−1) [49]
ibration in Ch–RGO–MnO2@RS confirms the presence of MnO2
anoparticles in the composite. Photograph in Fig. 7D shows clear
hange in color after the incorporation of composites.

.3. Affinity of various adsorbents for Hg(II) uptake

Distribution coefficient, Kd is an important parameter to com-
are the affinity of a pollutant to an adsorbent. It is possible to
ompare the effectiveness of the adsorbent by comparing the mag-
itude of the Kd value. Higher the Kd value, the more effective the
dsorbent material is. In general, the Kd values of above 1 L g−1
re considered good, and those above 10 L g−1 are outstanding
38,39]. The Kd values calculated at equilibrium clearly indicate that
GO–MnO2 and RGO–Ag, both supported and unsupported forms,
re excellent candidates for Hg(II) removal (Fig. 8A and B). The RGO
omposites outperformed all other materials studied. The impor-
a SEM image of bare sand particles, (C) Raman spectrum of (a) RS, (b) Ch, (c)
nd Ch–RGO–Ag@RS.

tance of RGO as a substrate is also well demonstrated. Kd values
showed that these nanoparticles in the supported state in RGO-
composites are 10 times better candidates. On close comparison
of Kd value (without considering the weight of sand), we see that
RGO-composites in the supported form are also highly efficient in
removing Hg(II).

2.4. Kinetics of Hg(II) adsorption

Kinetic study was performed to understand the time dependant
removal of Hg(II) by few selected adsorbents. Fig. 8C shows that all
the tested materials are capable of adsorbing Hg(II). Pristine RGO
and GO shows similar kinetics of removal and does not show any
significant variation in equilibrium uptake capacity. Normally one
would expect more Hg(II) uptake by GO due the presence of large
number of functional groups compared to RGO. However, no signif-
icant variation in equilibrium uptake capacity was observed. This
indicated that a special type of functional group, which is present in
both RGO and GO may be responsible for Hg(II) uptake, most prob-
ably the COO− group. Carboxylic acid groups are known to have an
affinity to Hg(II) [57], but more investigation is required to estab-
lish the same. Compared to the parent material, RGO-composites
showed higher removal kinetics.

To quantify the uptake rate, the experimental kinetics data were
analyzed with well-known reaction kinetic models such as Lager-
gren pseudo-first-order [58,59] and Ho’s pseudo-second-order [60]
equations. Mathematical representations of these models are given
in the supplementary data (Supplementary data S18). A non-linear

approach was used to find the best-fitting model and kinetic
parameters [61]. The model predicted kinetic parameters and
their associated error measurements show that pseudo-first-order
equation is more appropriate in predicting the experimental data
(Table 2, Supplementary data S19). The pseudo-first-order model
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ig. 8. Comparison of Kd values for the adsorption of Hg(II) on (A) unsupported RG
C) kinetics of Hg(II) adsorption by various adsorbents, (D) performance compariso

redicted plots with experimental data are given in Fig. 9. The
orresponding data for pseudo-second-order model is depicted in
upplementary data S20.

.5. Effect of co-existing ions on Hg(II) removal

In order to evaluate the Hg(II) removal capability of the RGO-
omposites, both supported and unsupported, in real water, a
roundwater sample spiked with ∼1 mg L−1 of Hg(II) was prepared
nd tested for uptake. Control experiments were also conducted

ith ∼1 mg L−1 Hg(II) spiked distilled water and the results are

hown in Fig. 8D. The data show that complete (below detectable
imit) removal of Hg(II) happened in both the systems. The co-ions
resent in the real water did not affect the removal, indicating that
uch a system can be employed for the field application. However,

ig. 9. Pseudo-first-order kinetic plots with experimental data for adsorption of Hg(II) b
xperimental, P – predicted).
posites with other adsorbents (B) supported RGO composite with RS, Ch, Ch@RS,
O composites for removing Hg(II) from distilled water and real water.

more investigations are needed to establish the extent of Hg(II)
uptake.

2.6. Hg(II) removal mechanism and analysis of Hg(II) loaded
adsorbents

RGO-composite samples after adsorption of Hg(II) were ana-
lyzed using TEM, EDAX and XPS. We can see that the size of the
nanoparticles increases on exposure to Hg(II) (Supplementary data
S21 and S22). Fig. 10 shows the EDAX spectrum as well as the

elemental mapping of RGO–MnO2 after Hg(II) adsorption. The spec-
trum clearly shows the presence of Hg along with the principal
element Mn, indicating that Hg is adsorbed on RGO–MnO2. EDAX
mapping shows similar distribution for Mn, O and Hg, emphasizing
that Hg is concentrated more on manganese oxide. Similar trend

y GO, RGO and RGO composites (A) unsupported and (B) supported on sand (E –
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Fig. 10. EDAX spectrum and elemental map

as seen in the case of RGO–Ag composite as well. Fig. 11 shows
he EDAX spectrum and the elemental maps of RGO–Ag sample
fter treatment with Hg(II). We see that the distribution of Ag and
g in the sample is the same, which proves that the metal is actively

nvolved in the removal of Hg(II) and is enhancing the activity.
From TEM and EDAX measurements, it is clear that MnO2 and

g play significant roles in enhancing the Hg(II) uptake capac-
ty of RGO. However, these data reveal little information about
he removal mechanism. Thus, XPS measurements were carried
ut and the results are shown in Fig. 12. The survey spectrum in
ig. 12A shows the presence of Hg(II) in RGO–MnO2 and RGO–Ag.
he detailed scans of Mn 2p, Ag 3d and Hg 4f regions are shown in
ig. 12B–D. Mn in RGO–MnO2 composites shows an Mn 2p3/2 peak

t 641.8 eV with a �J of 11.7 eV, which is in agreement with Mn(IV)
n MnO2 [51]. The Mn 2p spectrum after the adsorption of Hg(II)
hows no noticeable shift and matches with the binding energies
f Mn 2p3/2 and 2p1/2 of pristine RGO–MnO2.

Fig. 11. EDAX spectrum and the elemental maps o
O–MnO2 sample after adsorption of Hg(II).

Detailed photoelectron spectra of Ag 3d and Hg 4f in the RGO–Ag
system are also shown in Fig. 12. Hg 4f showed a Hg 4f7/2 bind-
ing energy of 101.0 eV and Hg 4f5/2 binding energy of 105.0 eV
in Hg(II) exposed RGO–MnO2. These peaks can be assigned to
mercury in Hg(II) [51]. Ag in RGO–Ag system shows peaks at
368.3 eV (3d5/2) and 374.3 eV (3d3/2) [51]. These peaks can be
attributed to elemental Ag. No significant variation in binding ener-
gies are observed after exposure to Hg(II); the 3d5/2 and 3d3/2
photoelectron peaks are observed at 368.2 eV and 374.2 eV bind-
ing energy, respectively. The Hg 4f in Hg(II) exposed RGO–Ag
shows Hg 4f7/2 and Hg 4f5/2 at 101.0 eV and 105.0 eV, respectively.
This is similar to the curve of RGO–MnO2. Though many reports
exist on the possible formation Hg–Ag amalgam as the reason for

mercury uptake, the current evidence shows that adsorption of
Hg(II) on silver nanoparticles is the governing mechanism in Hg(II)
removal. It is in agreement with the observations of Katsikas et al.
[62].

f RGO–Ag sample after adsorption of Hg(II).
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ig. 12. XPS analysis of composites before and after treatment with Hg(II). (A) Surv
f regions. In B and C, (a) and (b) refer to the samples before and after Hg adsorpti
he curves have been fitted to the spin–orbit components.

. Conclusions

A facile synthetic route for the preparation of RGO–metal/metal
xide composites is reported. The method was found to be versa-
ile and applicable for the syntheses of variety of RGO-composites.
redox-like reaction between RGO and the metal precursor was the
rime cause for the composite formation. As the metal precursors
re getting reduced, RGO is getting progressively oxidized primarily
o graphene oxide and the formed metal nanoparticles are closely
nchored onto the sheets. The size of the formed nanoparticles can
e tuned by controlling the precursor concentration added. RGO
nd its composites (RGO–MnO2 and RGO–Ag) showed excellent
g(II) uptake capacity. The composites showed enhanced removal
apability compared to the parent material. A methodology was
uccessfully developed to immobilize RGO composites on inexpen-
ive substrates like RS and the product was found to be an effective
andidate for Hg(II) removal. The reported method uses the intrin-
ic reduction capability of RGO without the use of any external
ids, which makes this method simple and eco-friendly. Apart from
ater purification, these kinds of composites open up wide appli-

ation possibilities in diverse fields of science and engineering such
s catalysis, fuel cells.
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ectra showing the presence of Hg after treatment, (B) Mn 2p, (C) Ag 3d, and (D) Hg
spectively. In D (a) and (b) refer to Hg 4f in RGO–MnO2 and RGO–Ag, respectively.

Appendix A. Supplementary data

Detailed procedure for GO and RGO synthesis and post
synthesis treatment, table showing the water quality parame-
ters of real water used for testing, and additional microscopic
and spectroscopic characterization. Supplementary data associ-
ated with this article can be found, in the online version, at
doi:10.1016/j.jhazmat.2010.11.100.

References

[1] M. Tuzen, Toxic and essential trace elemental contents in fish species from the
black sea, Turkey, Food Chem. Toxicol. 47 (2009) 1785–1790.

[2] M. Zabihi, A. Ahmadpour, A. Haghighi Asl, Removal of mercury from water by
carbonaceous sorbents derived from walnut shell, J. Hazard. Mater. 167 (2009)
230–236.

[3] S.M. Maliyekkal, K.P. Lisha, T. Pradeep, A novel cellulose-manganese oxide
hybrid material by in situ soft chemical synthesis and its application
for the removal of Pb(II) from water, J. Hazard. Mater. 181 (2010)
986–995.

[4] S. Babel, T.A. Kurniawan, Low-cost adsorbents for heavy metals uptake
from contaminated water: a review, J. Hazard. Mater. 97 (2003)
219–243.

[5] M. Goyal, M. Bhagat, R. Dhawan, Removal of mercury from water by fixed bed
activated carbon columns, J. Hazard. Mater. 171 (2009) 1009–1015.

[6] A. Demirbas, Agricultural based activated carbons for the removal of dyes from
aqueous solutions: a review, J. Hazard. Mater. 167 (2009) 1–9.

[7] J.M. Nabais, J.A. Gomes, Suhas, P.J. Carrott, C. Laginhas, S. Roman, Phenol

removal onto novel activated carbons made from lignocellulosic precur-
sors: influence of surface properties, J. Hazard. Mater. 167 (2009) 904–
910.

[8] M. Imamoglu, O. Tekir, Removal of copper (II) and lead (II) ions from aqueous
solutions by adsorption on activated carbon from a new precursor hazelnut
husks, Desalination 228 (2008) 108–113.

http://dx.doi.org/10.1016/j.jhazmat.2010.11.100


azardo

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

T.S. Sreeprasad et al. / Journal of H

[9] S.G. Wang, W.X. Gong, X.W. Liu, Y.W. Yao, B.Y. Gao, Q.Y. Yue, Removal of lead(II)
from aqueous solution by adsorption onto manganese oxide-coated carbon
nanotubes, Sep. Purif. Technol. 58 (2007) 17–23.

10] A.K. Meena, G.K. Mishra, P.K. Rai, C. Rajagopal, P.N. Nagar, Removal of heavy
metal ions from aqueous solutions using carbon aerogel as an adsorbent, J.
Hazard. Mater. 122 (2005) 161–170.

11] J.P. Ruparelia, S.P. Duttagupta, A.K. Chatterjee, S. Mukherji, Potential of carbon
nanomaterials for removal of heavy metals from water, Desalination 232 (2008)
145–156.

12] S.-T. Yang, Y. Chang, H. Wang, G. Liu, S. Chen, Y. Wang, Y. Liu, A. Cao, Fold-
ing/aggregation of graphene oxide and its application in Cu2+ removal, J. Colloid
Interface Sci., doi:10.1016/j.jcis.2010.07.042.

13] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V.
Grigorieva, A.A. Firsov, Electric field effect in atomically thin carbon films, Sci-
ence 306 (2004) 666–669.

14] C.N.R. Rao, A.K. Sood, K.S. Subrahmanyam, A. Govindaraj, Graphene: the new
two-dimensional nanomaterial, Angew. Chem. Int. Ed. 48 (2009) 7752–7777.

15] A.K. Geim, K.S. Novoselov, The rise of graphene, Nat. Mater. 6 (2007) 183–191.
16] N.I. Kovtyukhova, G.A. Karpenko, A.A. Chuiko, Complex formation by transition

metal ions in aqueous suspensions of graphite oxide, Russ. J. Inorg. Chem. 37
(1992) 566–569.

17] S. Stankovich, D.A. Dikin, G.H.B. Dommett, K.M. Kohlhaas, E.J. Zimney, E.A. Stach,
R.D. Piner, S.T. Nguyen, R.S. Ruoff, Graphene-based composite materials, Nature
442 (2006) 282–286.

18] G. Eda, M. Chhowalla, Graphene-based composite thin films for electronics,
Nano Lett. 9 (2009) 814–818.

19] D. Wang, D. Choi, J. Li, Z. Yang, Z. Nie, R. Kou, D. Hu, C. Wang, L.V. Saraf, J.
Zhang, I.A. Aksay, J. Liu, Self-assembled TiO2–graphene hybrid nanostructures
for enhanced Li-ion insertion, ACS Nano 3 (2009) 907–914.

20] W.T. Zheng, Y.M. Ho, H.W. Tian, M. Wen, J.L. Qi, Y.A. Li, Field emission from a
composite of graphene sheets and ZnO nanowires, J. Phys. Chem. C 113 (2009)
9164–9168.

21] C. Xu, X. Wang, J. Zhu, Graphene–metal particle nanocomposites, J. Phys. Chem.
C 112 (2008) 19841–19845.

22] B.-S. Kong, J. Geng, H.-T. Jung, Layer-by-layer assembly of graphene and gold
nanoparticles by vacuum filtration and spontaneous reduction of gold ions,
Chem. Commun. (2009) 2174.

23] X. Zhou, X. Huang, X. Qi, S. Wu, C. Xue, F.Y.C. Boey, Q. Yan, P. Chen, H.
Zhang, In-situ synthesis of metal nanoparticles on single-layer graphene oxide
and reduced graphene oxide surfaces, J. Phys. Chem. C 113 (2009) 10842–
10846.

24] W.S. Hummers, R.E. Offeman, Preparation of graphitic oxide, J. Am. Chem. Soc.
80 (1958) 1339.

25] M.J. McAllister, J.-L. Li, D.H. Adamson, H.C. Schniepp, A.A. Abdala, J. Liu, M.
Herrera-Alonso, D.L. Milius, R. Car, R.K. Prud’homme, I.A. Aksay, Single sheet
functionalized graphene by oxidation and thermal expansion of graphite,
Chem. Mater. 19 (2007) 4396–4404.

26] S. Stankovich, D.A. Dikin, R.D. Piner, K.A. Kohlhaas, A. Kleinhammes, Y. Jia, Y. Wu,
S.T. Nguyen, R.S. Ruoff, Synthesis of graphene-based nanosheets via chemical
reduction of exfoliated graphite oxide, Carbon 45 (2007) 1558–1565.

27] D. Li, M.B. Muller, S. Gilje, R.B. Kaner, G.G. Wallace, Processable aqueous dis-
persions of graphene nanosheets, Nat. Nanotechnol. 3 (2008) 101–105.

28] V. Chandra, J. Park, Y. Chun, J.W. Lee, I.-C. Hwang, K.S. Kim, Water-dispersible
magnetite-reduced graphene oxide composites for arsenic removal, ACS Nano
4 (2010) 3979–3986.

29] W. Hu, C. Peng, W. Luo, M. Lv, X. Li, D. Li, Q. Huang, C. Fan, Graphene-based
antibacterial paper, ACS Nano 4 (2010) 4317–4323.

30] K. Zhang, V. Dwivedi, C. Chi, J. Wu, Graphene oxide/ferric hydroxide composites
for efficient arsenate removal from drinking water, J. Hazard. Mater. 182 (2010)
162–168.

31] N. Savage, M. Diallo, J. Duncan, A. Street, R. Sustich (Eds.), Nanotechnology
Applications for Clean Water, William Andrew, New York, 2008.

32] S. Zhang, X.-Y. Li, J.P. Chen, Preparation and evaluation of a magnetite-doped
activated carbon fiber for enhanced arsenic removal, Carbon 48 (2010) 60–67.

33] K. Ohe, Y. Tagai, S. Nakamura, T. Oshima, Y. Baba, Adsorption behavior of
arsenic(III) and arsenic(V) using magnetite, J. Chem. Eng. Jpn. 38 (2005)
671–676.
34] J. Trogolo, Filter media: bacterial growth on filters–the silver solution, Filtr.
Separat. 43 (2006) 28–29.

35] T. Pradeep, Anshup, Noble metal nanoparticles for water purification: a critical
review. Invited critical review, Thin Solid Films 517 (2009) 6441–6478.

36] M. Tuzen, I. Karaman, D. Citak, M. Soylak, Mercury(II) and methyl mercury
determinations in water and fish samples by using solid phase extraction and

[

[

us Materials 186 (2011) 921–931 931

cold vapour atomic absorption spectrometry combination, Food Chem. Toxicol.
47 (2009) 1648–1652.

37] N.I. Kovtyukhova, P.J. Ollivier, B.R. Martin, T.E. Mallouk, S.A. Chizhik, E.V.
Buzaneva, A.D. Gorchinskiy, Layer-by-layer assembly of ultrathin composite
films from micron-sized graphite oxide sheets and polycations, Chem. Mater.
11 (1999) 771–778.

38] W. Yantasee, C.L. Warner, T. Sangvanich, R.S. Addleman, T.G. Carter, R.J. Wiacek,
G.E. Fryxell, C. Timchalk, M.G. Warner, Removal of heavy metals from aqueous
systems with thiol functionalized superparamagnetic nanoparticles, Environ.
Sci. Technol. 41 (2007) 5114–5119.

39] G.E. Fryxell, Y. Lin, S. Fiskum, J.C. Birnbaum, H. Wu, K. Kemner, S. Kelly, Actinide
sequestration using self-assembled monolayers on mesoporous supports, Env-
iron. Sci. Technol. 39 (2005) 1324–1331.

40] K.A. Gardner, L.L. Kuehnert, J.M. Mayer, Hydrogen atom abstraction by perman-
ganate: oxidations of arylalkanes in organic solvents, Inorg. Chem. 36 (1997)
2069–2078.

41] W.W.Y. Lam, S.-M. Yiu, J.M.N. Lee, S.K.Y. Yau, H.-K. Kwong, T.-C. Lau, D. Liu, Z.
Lin, BF3-activated oxidation of alkanes by KMnO4, J. Am. Chem. Soc. 128 (2006)
2851–2858.

42] P. Mulvaney, R. Cooper, F. Grieser, D. Meisel, Kinetics of reductive dissolution
of colloidal manganese dioxide, J. Phys. Chem. 94 (1990) 8339–8345.

43] T.S. Sreeprasad, A.K. Samal, T. Pradeep, Tellurium nanowire-induced room tem-
perature conversion of graphite oxide to leaf-like graphenic structures, J. Phys.
Chem. C 113 (2009) 1727–1737.

44] A.J. Gil, S. Adhikari, F. Scarpa, J. Bonet, The formation of wrinkles in single-layer
graphene sheets under nanoindentation, J. Phys.: Condens. Matter 22 (2010)
145302.

45] J.C. Meyer, A.K. Geim, M.I. Katsnelson, K.S. Novoselov, T.J. Booth, S. Roth, The
structure of suspended graphene sheets, Nature 446 (2007) 60–63.

46] JCPDS data file no. [23-1239].
47] X.H. Feng, L.M. Zhai, W.F. Tan, F. Liu, J.Z. He, Adsorption and redox reactions of

heavy metals on synthesized Mn oxide minerals, Environ. Pollut. 147 (2007)
366–373.

48] D.K. Goswami, K. Bhattacharjee, B. Satpati, S. Roy, G. Kuri, P.V. Satyam, B.N. Dev,
Coexistent compressive and tensile strain in Ag thin films on Si(1 1 1)-(7 × 7)
surfaces, Appl. Surf. Sci. 253 (2007) 9142–9147.

49] F. Buciuman, F. Patcas, R. Craciun, D.R.T. Zahn, Vibrational spectroscopy of bulk
and supported manganese oxides, Phys. Chem. Chem. Phys. 1 (1999) 185–
190.

50] K.N. Kudin, B. Ozbas, H.C. Schniepp, R.K. Prud’homme, I.A. Aksay, R. Car, Raman
spectra of graphite oxide and functionalized graphene sheets, Nano Lett. 8
(2007) 36–41.

51] J.F. Moulder, W.F. Stickle, P.E. Soble, K.D. Bomben, Handbook of X-ray photo-
electron spectroscopy, Perkin-Elmer Corporation, Eden Prairie, MN, 1992.

52] C. Mattevi, G. Eda, S. Agnoli, S. Miller, K.A. Mkhoyan, O. Celik, D. Mastrogio-
vanni, G. Granozzi, E. Garfunkel, M. Chhowalla, Evolution of electrical, chemical,
and structural properties of transparent and conducting chemically derived
graphene thin films, Adv. Funct. Mater. 19 (2009) 2577–2583.

53] Y. Xiong, Y. Xie, Z. Li, C. Wu, Growth of well-aligned �-MnO2 monocrystalline
nanowires through a coordination-polymer-precursor route, Chem. Eur. J. 9
(2003) 1645–1651.

54] Y. Zhou, Q. Bao, L.A.L. Tang, Y. Zhong, K.P. Loh, Hydrothermal dehydration for
the “green” reduction of exfoliated graphene oxide to graphene and demon-
stration of tunable optical limiting properties, Chem. Mater. 21 (2009) 2950–
2956.

55] E.A. Carter, M.D. Hargreaves, T.P. Kee, M.A. Pasek, H.G.M. Edwards, A Raman
spectroscopic study of a fulgurite, Philos. Trans. R. Soc. A 368 (2010) 3087–3097.

56] R.J. Hemley, H.K. Mao, P.M. Bell, B.O. Mysen, Raman spectroscopy of SiO2 glass
at high pressure, Phys. Rev. Lett. 57 (1986) 747–750.

57] M.S. Bootharaju, T. Pradeep, Uptake of toxic metal ions from water by naked
and monolayer protected silver nanoparticles: an X-ray photoelectron spec-
troscopic investigation, J. Phys. Chem. C 114 (2010) 8328–8336.

58] S. Lagergren, Zur theorie der sogenannten adsorption gelöster stoffe, K Sven
Ventenskapsakad Handl. 24 (1898) 1–39.

59] Y.S. Ho, G. McKay, Kinetic models for the sorption of dye from aqueous solution
by wood, Process Saf. Environ. Protect. 76 (1998) 183–191.

60] Y.S. Ho, G. McKay, The kinetics of sorption of divalent metal ions onto sphagnum

moss peat, Water Res. 34 (2000) 735–742.

61] Y.S. Ho, Second-order kinetic model for the sorption of cadmium onto tree fern:
a comparison of linear and non-linear methods, Water Res. 40 (2006) 119–
125.

62] L. Katsikas, M. Gutierrez, A. Henglein, Bimetallic colloids: silver and mercury, J.
Phys. Chem. 100 (1996) 11203–11206.

http://dx.doi.org/10.1016/j.jcis.2010.07.042

	Reduced graphene oxide–metal/metal oxide composites: Facile synthesis and application in water purification
	Introduction
	Preparation of various RGO-composites
	Preparation of chitosan–RGO-composites@RS
	Adsorption experiments
	Distribution coefficient (Kd) measurements

	Results and discussion
	Characterization and mechanism of RGO-composites formation
	Characterization of supported RGO-composites
	Affinity of various adsorbents for Hg(II) uptake
	Kinetics of Hg(II) adsorption
	Effect of co-existing ions on Hg(II) removal
	Hg(II) removal mechanism and analysis of Hg(II) loaded adsorbents

	Conclusions
	Acknowledgments
	Supplementary data
	Supplementary data


