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INTRODUCTION 

In the last few years, graphene has been actively
studied by the scientific community. This unique
material is attractive by its mechanical, electrical,
thermal, and optical properties. To get the greatest
possible benefit from the use of graphene, its large�
scale production should be provided.

A method that allows the production of graphene
and graphene�based materials in appreciable amounts
involves a multistep transformation of graphite into
graphene oxide (GO) followed by its reduction [1].
Graphene oxide is a polyfunctional compound: it
bears various oxygen�containing groups and is a con�
jugated π�system consisting of many fused aromatic
rings.

The presence of oxygen�containing surface func�
tions in the plane and on the edges of graphene oxide
allows its dispersion in water and organic solvents, thus
ensuring wide scope for the design of GO�based mate�
rials.

It has been demonstrated that modification of this
precursor with metal ions affords high�strength mac�
roscopic objects [2]. Graphene oxide is a 2D nanoen�
tity belonging to a new class of dispersible polyaro�
matic systems suitable for conducting a variety of
chemical syntheses. Apart from its unique properties,
GO is an accessible product and hence can find wide
use in diverse areas [3].

Heavy metal ions in waters of various origins
present a challenge for they are very toxic and non�
biodegradable and tend to accumulate in living organ�
isms or a food chain. The copper(II) ion, a toxic heavy
metal, is one of the most frequently encountered met�
als of great concern. Many agricultural chemicals and

fertilizers contain copper and pollute soils when in use
[4]. These ions should be removed from waste water
prior to its discharge into the environment. A number
of technologies are available for removal of heavy
metal ions from waste water. They include the use of
ion�exchange membranes, reverse osmosis, adsorp�
tion, etc. Adsorption is regarded as one of the most
promising and widely employed methods because of
its low costs and efficiency [5]. Some materials such as
activated charcoal, ashes, peat, zeolites, biomaterials,
alum, manganese oxide, peanut shells, and resins are
known to adsorb heavy metal ions from aqueous solu�
tions. Graphene oxide is an oxygen�rich material, is
produced by oxidation of graphite with strong oxi�
dants, and has an extended layered structure with
hydrophilic polar (–OH, –COOH, and epoxy)
groups. The large surface area [6] and the presence of
many functional groups make GO promising as a sor�
bent of metal ions.

EXPERIMENTAL

China natural graphite (99.9% C) ground in a ball
mill to a grain size of 200–300 µm served as a starting
material for the preparation of GO. Reagent�grade
metal salts (Bi(NO3)3 ⋅ 5H2O, Fe(NO3)3 ⋅ 9H2O, FeCl2 ⋅

4H2O, CuCl2 ⋅ 2H2O, and AgNO3) were used.
The preparation of the target product can be

divided in three steps.
(a) Preparation of graphite oxide (GrO) by modi�

fied Hummers’ method, with conversion to gram of
natural graphite. The product was isolated and dried at
<50–60°С for 6 h (for details, see [7]).

(b) Preparation of graphene oxide (GO). The prod�
uct obtained was dispersed with ultrasound. A weighed
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sample of GrO (0.4–0.5 g) was placed in a 250�mL
cylindrical beaker and distilled water (150 mL) was
added. Then GrO was exposed to powerful ultrasound
(20.4 kHz, specific power 0.1–1 W/cm3) for 15 min.
The resulting dispersion of graphene oxide was centri�
fuged (6000 rpm, 10 min) and the final product was
isolated and dried at 70°С for 6 h.

(c) Interactions of GO with metal ions. A 100�mL
beaker was charged with a steady�state dispersion of
GO (c = 1, 2, or 3 mg/mL) in water (50 mL). Then a
certain volume of a solution of a metal salt was added
dropwise. The resulting dispersion was exposed to
ultrasound for 5 min using standard parameters. The
exposure yielded a black flaky precipitate from which
the transparent supernatant was decanted. The solid
precipitate was washed with water five times greater in
volume. The precipitate was transferred to a Petri dish
and left in air at room temperature for 12 h.

RESULTS AND DISCUSSION

The principal result of the present work is rapid
sedimentation of dispersed graphene oxide in the pres�
ence of metal ions.

The starting material for the preparation of GO is
graphite whose properties and characteristics are
described in detail in many monographs and reference
books [8, 9].

Preparation of graphite oxide (GrO) and graphene
oxide (GO) and their characterization. Graphite oxide
is extensively characterized in [7]. For better lamina�
tion of GrO, we used ultrasound to obtain GO flakes
consisting of one to several layers. The exposure to
ultrasound resulted in steady�state dispersions of GO
in different solvents such as water, isopropyl alcohol,
chloroform, DMF, and THF. It is known that the dis�
persibility of GO and the steady state of its dispersions
depend on the oxidation state of the starting GrO and
the solvent [10–12].

The microstructure of GO was examined using
scanning electron microscopy (SEM) (Fig. 1). We
found that GO has a layered structure. The presence of
oxygen�containing groups (C=O, C–O, OH, C–OH,
and C(O)C) in GO was confirmed by IR and X�ray
photoelectron spectroscopy (XPS) (given below).
IR (ν, cm–1): 3214 ν(–OH and H2O), 1721 ν(С=О),
1621 ν(H2O), 1562 ν(С=C), 1348 ν(С–OH), 1031
ν(С–O), 984 ν(С(O)C).

Atomic force microscopy (AFM) studies revealed
that graphene oxide flakes have lateral dimensions
from 0.1 to 4 µm and that the minimum thickness is
1.5 nm (~2–3 oxidized graphene layers) (Fig. 2). The
topographical images show distinct folds of separate
flakes and “stacks” of several flakes; the dark valley in
the central part is an irremovable artifact of the com�

1 μm

Fig. 1. Microstructure of GO.

Comparison of the minimum concentrations of the metal
ions for modification of GO (cGO = 1 mg/mL, VGO = 50 mL)

Metal 
ion Starting metal salt

Minimum metal ion concen�
tration (mol/mL) required for 

sedimentation

Bi3+ Bi(NO3)3 ⋅ 5H2O 2.8 × 10–5

Fe3+ Fe(NO3)3 ⋅ 9H2O 4.7 × 10–5

Fe2+ FeCl2 ⋅ 4H2O 2.3 × 10–4

Cu2+ CuCl2 ⋅ 2H2O 2.8 × 10–4

Ag+ AgNO3 1.8 × 10–3
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puter processing. In reality, the sheet is absolutely flat
(see the phase image).

Interactions of graphene oxide with metal ions and
characterization of the samples obtained. We deter�
mined the minimum (threshold) concentrations of
each metal ion (Ag+, Cu2+, Fe2+, Fe3+, and Bi3+) that
are required to initiate sedimentation upon the inter�
action with GO dispersions of different concentrations
(c = 1, 2, and 3 mg/mL).

We found that the metal ion concentration required
for complete sedimentation of a GO dispersion is
inversely related to the ion charge. For a dispersion
with VGO = 50 mL and сGO = 1 mg/mL, these concen�
trations are 5 × 10–5, 3 × 10–4, and 1.8 × 10–3 mol/mL
for the metals in the oxidation states +3 and +2 and for
Ag(I), respectively (table).

Also we discovered a relationship between different
GO concentrations and the minimum concentration
of a metal ion that initiates sedimentation. For
instance, for Cu2+ at сGО = 1 mg/mL, the required
concentration of the metal ion is 2.8 × 10–4 mol/mL.
When сGО is twice as high, the metal concentration
should be doubled. This relationship was verified for
all the ions involved and сGО = 1, 2, and 3 mg/mL.
Some experiments were carried out for a lower GO
concentration (e.g., 0.5 mg/mL). In all cases, the
results obtained are similar, showing a distinct depen�
dence with an increase in the GO concentration.

It should be noted that the coordination of metal
ions to GO results in prompt sedimentation. After the
sedimentation and filtration, the filtrate was analyzed
for the presence of metal ions. Atomic emission spec�
troscopy (AES) studies revealed no metal ions in the
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Fig. 2. AFM images of GO flakes from aqueous dispersions: (a) topographical mode, (b) phase mode, and (c) cross�section of a
GO flake.
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aqueous phase, which suggests their complete coordi�
nation to GO.

The samples GO + Cu2+, GO + Fe2+, and GO +
Fe3+ were also examined by XPS. The X�ray photo�
electron spectra (С1s) of the initial GO and the modi�
fied compound are shown in Fig. 3. The spectrum of
GO shows two distinct peaks with binding energies of
284.6 and 286.5 eV, which correspond to the C–C and
C(O)C groups [13]. For accurate description of the
spectrum, three other states with binding energies of
285.6, 288.2, and 289.6 eV should be added (C–OH,
C=O, and C(O)O, respectively [13]).

Taking into account that the peak at 286.5 eV cor�
responds to the C(O)C group and its relative concen�
tration, one can state that more than half of all the car�
bon atoms are bound to oxygen and that the greater
energy contribution (about 70%) is made by epoxy
groups. The oxygen concentration determined from
the element sensitivity factors is 28.2% in GO, which
is in some agreement with the data from C,H,N�anal�
ysis.

The XPS spectrum of the GO modified with metal
ions noticeably differs in the intensity of additional
states from the spectrum of the initial GO sample.
The differences include a reduced (nearly by two)
intensity of the peak due to C(O)C, a higher peak due
to the C–OH group, the shifts of the centers of the
peaks, and slight (compared to the aforementioned
peaks) changes in the intensities of the peaks due to
the C=O (287.8 eV) and C(O)O groups (289.0 eV).
Similar results were obtained for the GO samples
modified with Fe2+ and Fe3+ ions.

It can be concluded from the above XPS data that
the epoxy groups undergo opening upon the coordina�
tion to metal ions, which results in a decreased num�
ber of epoxy groups and an increased number of
hydroxide groups. The shifts and partial changes of the
peaks due to the C=O and C(O)O groups are charac�
teristic of coordination of carboxyl groups to metal
ions. One can believe that the edges of GO molecules
bear bridging groups and the interior metal ions inter�
link separate layers.
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Fig. 3. X�ray photoelectron spectra (С1s) of GO and GO + Cu2+.
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Such a structure of the precipitate is confirmed by
the IR spectra showing a weaker C(O)C
peak (984 cm–1), a virtually the same C=O peak
(1721 cm–1), and a substantially higher C–OH peak
(1348 cm–1).

The GO samples modified with the Cu2+ and Fe3+

ions were examined by SEM. The SEM images
(1000 × 1000 µm) of the initial and modified GO sam�
ples are shown in Fig. 4. For clarity, the photomicro�
graphs are displayed in the same scale (100 µm). It can
be seen that the initial GO has a layered structure but
flakes are usually arranged randomly. However, coor�

dination to metal ions causes individual GO flakes to
unite into 3D frameworks.

The formation of similar 3D structures has been
noted in [14, 15]. Presumably, the interactions of
metal ions with GO occur in two ways (Fig. 5): through
bridging groups on the flake edges and through epoxy
and hydroxyl groups on separate layers.

Interlayer linkage through the metal atoms
accounts for further formation of 3D frameworks from
GO flakes.

To sum up, we found that GO interacts with Ag+,
Cu2+, Fe2+, Fe3+, and Bi3+ ions and determined the
minimum (threshold) ion concentrations required for

100 μm

(а)

(b) (c)100 μm

100 μm

Fig. 4. SEM images of (a) the initial GO sample, (b) GO + Cu2+, and (c) GO + Fe3+.
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sedimentation of GO from its dispersion in water. The
modified GO samples were studied by a number of
physicochemical methods. We proposed a possible
model of coordination of the metal ions to oxygen�
containing groups of GO. Based on the results
obtained, one can believe that GO can be used as an
efficient sorbent of metal ions from aqueous solutions.
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Fig. 5. Model of the interactions of graphene oxide with metal ions.


