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Abstract

Graphene oxide (GO) was synthesized and characterized by scanning electron microscopy (SEM),

transmission electron microscopy (TEM), x-ray diffraction (XRD), and Fourier transformed infrared spectra

(FT-IR). The adsorption of Co(II) on GO was studied as a function of contact time, pH, ionic strength, humic

acid, Co(II) concentration, and temperature. The adsorption of Co(Il) is strongly dependent on the pH values

and weakly dependent on ionic strength. The adsorption thermodynamics of Co(Il) on GO was carried out at
303, 313, and 333 K to obtain the corresponding thermodynamic data (AH?, 45’, and AG”), which suggested
that the adsorption of Co(II) on GO is a spontaneous and endothermic process. GO provided a promising

candidate for the preconcentration and solidification of Co(Il) from large volumes of aqueous solutions.
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Introduction

Heavy-metal ion pollution is a worldwide environ-
mental concern due to the indiscriminate disposal
of industrial wastewater from mining, metallurgical,
chemical, and battery production, plus other sources [1-
7]. Cobalt is one of the most toxic metals that affects
the environment. The increasing consumption of
radionuclides ®°Co and 3*Co in nuclear power plants and
other related industries has exaggerated its environmental
pollution [3, 8-11]. As an indispensable element to the
human body, Co(II) has played a vital role in the immune
system. However, excessive exposure could also cause
serious health problems [8-9, 12], such as polycythemia,
diarrhea, nasopharyngitis, gastrointestinal disorders, and
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so on. Thus it is necessary to remove toxic Co(Il) from
wastewater before releasing it into the environment.
Various methods, including coprecipitation, preci-
pitation, oxidation, ion-exchange, membrane electrolysis,
reverse osmosis, and adsorption, have been employed
during the past decades to remove toxic metal ions,
including Co(II), from large volumes of aqueous solution
[8-9, 11, 13]. Among these methods, the adsorption
technique has been used widely because of its simple,
economical, and cost-effective characteristics. Adsorbents
such as clay minerals, carbon materials, polymer
materials, and oxides have been studied extensively [8,
11-16]. However, these materials suffer from either low
efficiencies or low adsorption capacities. Recently, carbon
nanomaterials such as graphene [17-21], carbon nanotube,
and its related composited material [8, 10, 22-25] have
been introduced to the adsorption areas because of their
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high surface area, high stability, enhanced active sites, and
abundant functional groups.

Graphene, a kind of one or several atomic-layered
graphite, possesses special two-dimensional structure, and
excellent mechanical, thermal, and electrical properties
[26-27].

Considering the high surface area and the abundant
oxygen-containing functional groups of graphene oxide
(GO), the amphiphilic GO stable suspensions might have
high adsorption capacity to preconcentrate heavy metal
ions from aqueous solutions [ 16, 28-30]. Previous research
has shown that GO can effectively remove of metal
ions such as Cu(Il), Eu(Ill), Cd(I), U(VI), Ni(l),
and arsenate using its surface functionalized hydroxyl
and carboxyl groups, which are well-suited for their
interactions with metal ions. Besides, humic acids (HA)
are also found to have strong complexation abilities with
metal ions [11, 23, 31-33]. Although GO has been widely
studied regarding its interactions with heavy metal ions,
few studies have been devoted to the adsorption behaviors
of metal ions on graphene oxide nanosheets in the presence
of HA.

This work presents the application of GO for the
effective removal of Co(Il) from aqueous solutions. The
preparation of GO nanosheets, the kinetics of adsorption,
the effects of pH, ionic strength, and the effects of HA and
temperature on Co(Il) adsorption capacities were studied
in batch adsorption modes to illustrate the performance
of GO to remove Co(ll) from aqueous solutions. A
mechanism for Co(l]) interaction with GO nanosheets was
also proposed.

Materials and Methods

GO was prepared according to [16]. Humic acid
(HA) was extracted from a soil sample obtained from
Hua-Jia County in Gansu Province, China (35°N and
105°E), which is close to the site of a nuclear weapons test
site and a nuclear waste repository [33]. The main
constituents of the extracted HA are: C 60.44%, H 3.53%,
N 4.22%, O 31.31%, and S 0.50% [35]. Co(Il) stock
solution, 300 mg/L, was prepared by dissolving CoCl2
(purity >99.9%) in distilled Milli-Q water [32]. All
reagents used in the batch experiments were purchased
in analytical purity and used directly without any further
purification. All reagents were prepared with Milli-Q
water.

Characterization of GO Nanosheets

GO nanosheets were characterized by scanning
electron microscopy (SEM), transmission electron
microscopy (TEM), powder x-ray diffraction (XRD), and
Fourier transformed infrared spectra (FT-IR). SEM and
TEM investigations were carried out on JSM-6320F FE-
SEM and JEOL JEM-2000EX microscopes, respectively.
The XRD patterns were measured on a D/max2500 with

a Cu Ka source (A=1.541 A). FT-IR spectroscopy was
obtained from a Perkin Elmer 100 spectrometer in KBr
pellet under environmental condition.

Adsorption Experiments

All the experiments were carried out using a batch
technique according to a literature procedure [10]. The
adsorption percentage and the distribution coefficient (K )
are calculated from the following equations:

g _C=CV
C. m 1)
Sorption% = &x 100%
C @

...where C0O (mgL-1) is the initial concentration, Ce
(mg-L-1) is the equilibrium concentration, m (g) is the
mass of GO, and V' (L) is the volume of suspension. The
presented data were the average values of duplicate or
triplicate determinations and the relative errors of the data
were within 5%.

Results and Discussion
Characterization

The detailed characterization of the as-prepared GO
nanosheets was collected in Fig. 1. The TEM image
(Fig. 1a) indicates the formation of a GO nanosheet with a
few layers. The surface morphology can be obtained from
the SEM image with typically wrinkle- and crumple-like
structures (Fig. 1b).

In the XRD patterns (Fig. 1c), the formation of GO
nanosheets are confirmed by the disappeared diffraction
peak at 20 = 26.40° (d = 0.34 nm) and the new observed
broad and relatively weak diffraction peak at 26 = 10.03°
(d =0.87 nm). The c-axis spacing increases from 0.34 nm
to 0.87 nm after the graphite is modified to GO nanosheets,
which is attributed to the surface-abundant oxygen-
containing functional groups of GO nanosheets [16-17].

The oxygen-containing functional groups on the
surfaces of GO nanosheets are further characterized
by FT-IR analysis (Fig. 1d). Peaks found at 1,730 cm’!
(C = O stretch), 1,620 cm! (C = C stretch), and
1,220 cm™ and 1,100 cm? (C-O stretch) indicate the
successful oxidation of graphite to GO nanosheets [21,
29].

Time-dependent Adsorption
The adsorption of Co(Il) by GO nanosheets from

aqueous solution as a function of contact time is shown in
Fig. 2. A rapid increment of Co(Il) adsorption is observed
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during the first 20 min. and then it remains constant as
contact time increases. It is necessary to point out that the
time in x-axis is shaking time, and the centrifuge time (20
min) is not counted. Fast adsorption may be attributed to
the strong surface complexation or chemical adsorption of
Co(II) by GO nanosheets. This rapid adsorption equilibrium
is significant for the potential industrial application to
remove Co(I) from a large volume of aqueous solution
by GO nanosheets. The detailed adsorption rate of Co(II)
adsorption on GO nanosheets can be analyzed by applying
a pseudo-second-order rate equation to simulate kinetic
adsorption [36].

t 1 t
__—2+_

q, 2K'qe q. (3)

...where K’ (gmg''min"') is the pseudo-second-order
rate constant of adsorption, g, (mg-g"') is the amount of
Co(II) adsorbed by GO at time ¢ (min), and g, (mg-g")
stands for the equilibrium adsorption capacity. A linear
plot feature of #/g, to ¢ is achieved and shown in Fig. 2. The
rate constant, K, is calculated to be 0.30 g'mg'-min"' with
a high correlation coefficient, R? = 0.9929, confirming the
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Fig. 1. TEM image of GO a), SEM image of GO b), XRD image
of GO and graphite c¢), and FT-IR spectrum of GO d).
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Fig. 2. Effect of contact time on Co(Il) sorption by GO,
pH = 68 + 0.1, T'=303.15 K, m/V' = 0.1 gL, C i misa =
1.69x10*mol/L, and /= 0.01 M NaClO,.

viability of the pseudo-second-order rate equation to this
adsorption system.

Effect of GO Nanosheet Concentration

Fig. 3 displays the effect of GO nanosheet
concentration to Co(Il) sorption. It can be seen that
the adsorption percentage of Co(ll) increases rapidly
from 10% to 85% as the GO nanosheet concentration
increases from 0.025 to 0.30 g/L at pH 6.8, which can
be explained by the more available surface sites on
GO nanosheet for Co(Il) adsorption. Meanwhile, the
distribution coefficient, K , decreases as the GO nanosheet
concentration increases. This phenomenon is observed
due to the complexation of Co(II) with GO nanosheets to
produce GO nanosheet aggregates [16, 18, 28]. At high
GO nanosheet concentration, the size and concentration
of GO-Co(ll) aggregates increases, which may reduce
or block the complexation between Co(Il) ions and GO
nanosheets, resulting in a decreased K, value. Similar
phenomena were also found for the sorption of Eu(III),
Th(IV), and U(VI) on graphene oxides [5, 37-39].

Effect of pH

The importance of pH values on Co(Il) adsorption by
GO nanosheets is shown in Fig. 4, which can be explained
by the change of the surface properties of sorbents and
the hydrolysis, precipitation, and complexation of Co(II)
at different pH values [10, 13, 21]. As can be seen from
Fig. 4, the adsorption of Co(Il) increases as pH ranges
from 4.0 to 6.0, followed by a sharp increase at pH
6.0-8.5. Finally, the adsorption maintains a high value at
pH>8.5. More than 95% of Co(II) can be removed from
the solution at pH>8.5. The strong pH-dependent sorption
suggests that Co(Il) sorption on the GO is attributed to
surface complexation rather than ion exchange.

This observed phenomenon can be attributed to the
hydrolysis of Co(Il) in aqueous solution, of which the
relative species distribution of Co(II) calculated from the
hydrolysis constants (log K, = -19.6, log K, = -9.2, and
log K, = -2.7) is shown in Fig. 4a [40]. Co(II) presents
with different forms as Co*, Co(OH)", Co(OH),, and
Co(OH)," at different pH values. At pH<8.5, the main
species are Co*" and Co(OH)". However, when pH>8.5
the adsorption of Co(Il) in this system is getting complex.
As shown in Fig. 4c, the zeta potential of GO is highly
negatively charged and the negative charges would be
further enhanced. The density of protonated sites (=SOH,",
where =SOH represents the surface of graphene oxide, and
—OH indicates the oxygen-containing functional groups)
decreases with increasing pH because of the protonation
reaction (i.e., =SOH + H'«> =SOH,") on the surface of
the GO. Thereby, the adsorption of Co** and Co(OH)* on
the surface of GO is unfavorable as a result of Coulombic
repulsion at pH ranging from 2.0 to 5.0. However, at high
pH values the concentration of deprotonated sites (=SO)
increases because of the surface deprotonation reaction
(i.e.,=SOH < =SO- + H"). More deprotonated sites (=SO)
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Fig. 3. Effect of GO concentration on Co(II) adsorption by GO,
pH = 6.8 £ 0.1, 7= 303.15 K, Cii\ i = 1-69%10* mol/L,
I=0.01 M NaClO,.
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are available to retain the metal ions and form surface
complexation with Co?* and Co(OH)", resulting in a sharp
increase of Co(Il) adsorption at pH 5.0-8.5. Precipitation
of Co(OH), begins to form at pH>8.5 and reaches a
maximum value at about 10.5. Therefore, the adsorption
of Co(Il) is accomplished by surface complexation and
precipitation [8, 10].

Effect of lonic Strength

The influence of ionic strength on the adsorption of
Co(Il) by GO nanosheets is investigated by screening
different concentrations of NaClO, solutions. As shown in
Fig. 5, the adsorptions of Co(Il) are weakly dependent on
NaClO, concentrations. The sorption curves shift to left
at lower NaClO, concentrations as compared to those at
higher NaClO, concentrations, indicating an inhibition
adsorption of Co(Il) by GO nanosheet at high ionic
strength. The ionic strength can influence the thickness
and interface potential of the solution and surface layers
of the GO nanosheet, as well as the binding of the
adsorbing species. The background -electrolyte ions
are considered in the same platform as the surface
complexation, thus surface complexations are expected
to be more susceptible to vary ionic strength than ion
exchange. Consequently, the sorption of Co(Il) by
GO nanosheets may suggest the formation of surface
complexation on the surfaces of the GO [18, 41]. The
effect of ionic strength on Co(Il) adsorption is more
obvious at low pH compared to high pH. Thus it can be
concluded that Co(Il) adsorption by GO nanosheets are
mainly attributed to surface complexation at low pH, and
a simultaneous precipitation or surface complexation at
high pH values [16, 42].

Effect of Humic Acid

Effect of HA on Co(II) adsorption by GO nanosheets
is displayed in Fig. 4. The presence of HA reduces Co(II)
adsorption at pH<8, but no obvious differences are
detected when pH>8. For most materials (such as clay
minerals, oxides, and carbon nanotubes), HA enhances
metal ion adsorption on solid phase at low pH values, and
reduces metal ion adsorption at high pH values [39, 43].
The increase of metal ion adsorption at low pH values is
generally attributed to the strong complexation of metal
ions with HA adsorbed on solid particles, whereas the
decrease of metal ion adsorption is interpreted by the
formation of soluble metal-HA complexes in aqueous
solution. Herein, HA decreases Co(Il) adsorption by GO
nanosheets at pH<8, which may be attributed to the strong
surface complexation and high surface site density of GO,
which is calculated to be 2.36x10° mol/g by acid-base
titration, whereas the value is 6.46x10- mol/g for HA [38].
The high surface site density of GO nanosheets assures
the high adsorption of Co(Il) ions on the surface of GO.
HA can be bound to GO through strong n-w interactions
and interact with GO in aquatic systems, thereby changing
greatly their properties in such systems [44-45]. Although
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the surface sites density of GO is lower than that of HA,
the strong interaction of GO with HA occupies parts of
surface sites on the surface of GO and also reduces the
available binding sites of HA, thereby resulting in the
decrease of Co(Il) adsorption on GO. It is necessary to
note that the effect of HA on Co(II) adsorption at pH>8
is not obvious, which is attributed to the formation of
Co(OH), precipitation at pH>8.2.

Effect of Temperature and
Thermodynamic study

Thermodynamic parameters are helpful in practical
applications. The sorption isotherms of GO nanosheets
at different temperatures are collected in Fig. 6 in order
to investigate the impact factor of temperatures. The
adsorption of Co(Il) increases with elevated temperature
with a maximum value at 7 = 333 K and a minimum
value at 7' = 303 K, illustrating an endothermic process
of Co(II) sorption by GO nanosheets. The thermodynamic
parameters (AG’, AS’, and AH") are calculated from the
temperature-dependent adsorption isotherms. The Gibbs
free energy change is derived from the equation:

0_ 0
AG  =—RTInK )

...where K" is the constant of adsorption equilibrium, and
values of InK” stand for the adsorption abilities of GO
toward Co(II), which are obtained by plotting InK , versus
C, followed by extrapolating C, to zero as shown in
Fig. 7. Standard entropy change (AS’) is then derived from
the relationship:

OAG"
AS° = —( )

The average standard enthalpy change (AH’) can be
obtained from the equation:

AH= AG’+ TAS" 6)

The values calculated from the thermodynamic
equations are listed in Table 1. The positive value of
AH’ indicates an endothermic sorption process, which is
consistent with our previous observations. A reasonable
interpretation concerns the completely solvated Co(II) ions
in water. The hydration sheath of Co(Il) is supposed to be
destroyed before being adsorbed by GO nanosheets, and
the desolvated energy exceeds the released energy when
adsorbed by GO nanosheets, resulting in an endothermic
process favored by high temperatures [6, 31]. However,
the entropy changes compensate the enthalpy changes,
resulting in a negative value of the Gibbs free energy
change (AG’) and a spontaneous process at the conditions
applied. The positive value of the entropy change (AS’)
may be attributed to the structure change of the composite
complex [37, 46]. As the temperature rises, Co(II) cations

are more likely to be desolvated and the adsorption
becomes more favorable. In short, the adsorption of Co(II)
on GO is an endothermic and spontaneous process.

The sorption mechanism of Co(II) on GO were further
simulated by Langmuir and Freundlich models.
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Fig. 5. Effect of ionic strength on Co(II) adsorption by GO,
T=303.15K, m/V=0.1g/L, C =1.69%10*mol/L.
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Table 1. Parameters of adsorption isotherms.

AG' (kJ/mol) | AH' (kJ/mol) | AS’(J/mol/K)
303K -14.64 75.30
313K -15.61 8.176 75.99
333K -16.90 75.30
a) 10 b) -

P

~'s (mmol/g)
=

LogCs

=

Ce

b
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Fig. 8. Langmuir (a) and Freundlich (b) isotherms of
Co(II) sorption by GO at three different temperatures;
pH=6.8+0.1, m/V=0.1 g/L, I =0.01 M NaCIO,
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Fig. 9. Linear plot of InK° vs. 1/T for the sorption of Co(Il) by
GO nanosheets at 303, 313, and 333K; m/V'=0.1 g/L, pH = 6.8,
1=0.01 M NaClO,.

The Langmuir isotherm model was applied to describe
the monolayer adsorption process. It can be expressed by
equation 7 [47]:

...where C, is the equilibrium concentration of Co(II)
remaining in adsorption (mol-g'), C  ~ (mol-g")
(maximum adsorption capacity) stands for the amount
of Co(Il) adsorbed at complete monolayer coverage,
and b (L-mol™") is a Langmuir constant that relates to the
adsorption heat.

A linear form can be obtained from equation 7:

c. 1 C.
= +
CS bCS max Smax
(8)

The Freundlich isotherm model, which is applicable
to several kinds of adsorption on solid surface, fits the
adsorption data at low and medium concentrations
properly on heterogeneous surfaces. The model has the
following form [9]:

C=KC’ 9)
Equation 9 can be expressed in linear form:
LogC = logK,, + nlogC, (10)

K, (mol'™L™g') and n are Freundlich constants,
representing the adsorption capacity when metal ion
equilibrium concentration equal 1 and adsorption intensity,
respectively.

The analysis results that applied to the Langmuir
and Freundlich models are shown in Fig. 8. Relative
parameters of the models are listed in Table 2. The highest
correlation coefficients (R?) are obtained by the Langmuir
model at three different temperatures as compared to
Freundlich. Meanwhile, the fact that a high temperature
contributes to the adsorption capacity can be induced
from the phenomenon that the values of C, calculated
from the Langmuir model for Co(II) adsorption on GO
are the lowest at 7' = 303 K, while the highest are at
T = 333 K. The isotherms at different temperatures for
GO are shown in Fig. 9. It is also clear that the sorption
isotherm is the lowest at 7= 303 K and the highest at
T'=333 K, suggesting that the sorption process is favored
at a high temperature. Hence the sorption reaction is an
endothermic process. The maximum adsorption capacity
of GO at T = 303 K is calculated to be 1.13 mmol-g"

- bC, max C. (66.67 mg-g'). Compared with previous reported
y 1+ bCe adsorbents such as raw carbon nanotube (0.034 mmol-g™)
™ [10], oxide carbon nanotube (0.147 mmol-g ) [8], activated
Table 2. Parameters of Langmuir and Freundlich models.
Langmuir Freundlich
Co(Il), pH = 6.8 Cs(mg/g) | b(L/mg) R K (mg "L"/g) n R

T=303K 66.67 0.097 0.993 19.49 0.2726 0.887

T=313K 68.09 0.143 0.997 27.98 0.1979 0.879

T=333K 79.36 0.121 0.997 28.06 0.2312 0.923
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carbon (13.879 mg-g") [48], Ti,O (0.338 mmol-g")
[15], iron oxides (5.03 mg-g")[49], hydroxyapatite
(0.134 mmol-g")[50], fruit shell (0.34 mg-g") [51], and
zeolite (1.242 mmol-g') [52], GO nanosheets exhibit
promising potential applications as adsorbents in nuclear
waste management if synthesized on a large scale and at a
low future price.

Conclusions

The adsorption of Co(Il) by GO nanosheets was
studied under ambient conditions. The effects of contact
time, pH, ionic strength, humic acid, and temperature
were investigated. The kinetic sorption process can be
well described by the pseudo-second-order model for the
adsorbents. The adsorption of Co(II) by GO nanosheets
is highly dependent on pH values. The thermodynamic
parameters indicate that the interaction of Co(Il)
adsorbed by GO is endothermic and spontaneous. The
main adsorption mechanism for Co(Il) adsorbed on GO
nanosheets is probably the complexation of Co(II) with the
surface-abundant oxygen-containing functional groups.
Together, GO nanosheets exhibit promising potential
applications as adsorbents in nuclear waste management.
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