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Graphene oxide (GO) holds great promise for a broad array of applications in many fields, but
also poses serious potential risks to human health and the environment. In this study, the
adsorptive properties of GO toward Ca®* and Na* were investigated using batch adsorption
experiments, zeta potential measurements, and spectroscopic analysis. When pH increased
from 4 to 9, Ca®* adsorption by GO and the zeta potential of GO increased significantly. Raman
spectra suggest that Ca?* was strongly adsorbed on the GO via-COOCa* formation. On the other
hand, Na* was adsorbed into the electrical diffuse layer as an inert counterion to increase the
diffuse layer zeta potential. While the GO suspension became unstable with increasing pH
from 4 to 10 in the presence of Ca®*, it was more stable at higher pH in the NaCl solution. The
findings of this research provide insights in the adsorption of Ca?* on GO and fundamental
basis for prediction of its effect on the colloidal stability of GO in the environment.

© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.

Introduction

Nanomaterials have attracted great attention and research
interest due to their large specific surface area and abundant
active groups. Among these, graphene and its derivatives
have been in the spotlight in recent years. Graphene is a
two-dimensional nanomaterial with one to ten layers of sp*
hybridized carbon atoms arranged in six-membered rings, that
has attracted tremendous attention due to its high mechanical
strength (125 GPa fracture strength and 1100 GPa Young’s
modulus) (Lee et al., 2008), large specific surface area (theoretical
value of 2600 m?/g) (Rao et al., 2009) and exceptionally high
electronic and thermal conductivity (200,000 cm?/(V-sec))
and approximately (5000 W/(m'K), respectively) (Balandin

et al.,, 2008; Park and Ruoff, 2009) as well as many other
remarkable properties. Graphene oxide (GO), as part of the
graphene-based nanomaterials family (GNFs), has hexago-
nal carbon rings similar to those in graphene, but with
many oxygen-containing functional groups, such as carboxyl
(-COOH), hydroxyl (-OH), and epoxy (-O-) groups, at the edges
and on the face of the GO nanosheets (Lerf et al., 1998;
Lee et al., 2010), which can be differentially functionalized
(Stankovich et al., 2006; Niyogi et al., 2006). The potential
applications of GO and its functionalized derivatives include
optoelectronics, biodevices, drug delivery systems and rein-
forced composites (Xu et al., 2009; Dreyer et al., 2010).
Although the applications of GO are exciting (Singh et al,,
2011a), it may cause significant pathological effects for the
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environment and human health. In particular, GO nano-
particles can cause thrombus (Singh et al., 2011b), severe and
persistent lung injury (Schinwald et al., 2012; Li et al., 2013)
and damage to fetal growth, since their size allows them to
cross the placenta (Arvidsson et al., 2013). Ecosystem equi-
libria could be seriously affected by the high antibacterial
capacity and cytotoxicity of GO (Chen et al., 2012). The toxicity
of GO to a series of common terrestrial plants (cabbage,
tomato and red spinach) has also been reported (Zhao et al.,
2014).

The effectiveness of GO has been demonstrated for
removal of a wide range of environmental pollutants from
wastewater. Several studies reported high adsorption capac-
ity for GO toward different heavy metals such as Cu®*, Cd*",
Co?*, Ni’*and Pb** (Chandra et al., 2010; Li et al., 2011; Zhao
etal., 2011a; Guo et al,, 2012; Luo et al., 2012; Wang et al., 2013;
Pei et al.,, 2013; Gu and Fein, 2015; Tan et al, 2015). The
adsorption capacity was higher than for any other known
material, which suggests promising prospects for applica-
tions in wastewater treatment and contaminant remediation
(Yang et al., 2010; Zhao et al., 2011b; Chowdhury et al., 2013;
Sitko et al., 2013). Since GO is highly hydrophilic and readily
dispersed in water, studies have been conducted on the
colloidal stability and mobility of GO nanoparticles in the
aquatic environment, especially in the presence of elec-
trolytes (Feriancikova and Xu, 2012; Chowdhury et al., 2014;
Lanphere et al., 2014). Divalent and monovalent cations
such as Ca?* and Na* are the most abundant cations, with a
concentration range of about 1-135 mg/L (0.025-3.4 mmol/L)
and 1-402 mg/L (0.043-17.5 mmol/L), in most freshwater
(National Academy of Sciences, 1977; Hem, 1992; Lanphere
et al., 2013). The results indicated that GO could be highly
mobile in aquatic environments; however its mobility was
significantly affected by the ionic strength (Stumm, 1992).
The results obtained for divalent cation solutions indicated
that Ca®* can significantly influence the stability and
mobility of GO in natural water. Although the effect of Ca®*
on the colloidal stability of GO has been generally attributed
to electrostatic interaction, the nature of Ca?* interactions
with GO has not been studied.

In the present study, the mechanism of Ca?* adsorption
on GO was evaluated using adsorption tests and Raman
spectroscopic analysis; results from zeta potential measure-
ments also showed differences in the effect of Ca?* adsorp-
tion on the zeta potential of the GO nanoparticles compared
to Na*.

1. Materials and methods

1.1. Materials

Single layer GO (SLGO) with purity >90%wt, XY dimensions
(lateral) of 300-800 nm, thickness (Z dimension) of 0.7-1.2 nm
and specific surface area (SSA) of 350400 m?/g was purchased
from Cheap Tubes Inc. (Brattleboro, VT). The stock solution of
GO was prepared by transferring 10 mg GO nanoparticles into
100 mL deionized (DI) water (nanopure water at >18.2 MQ-cm
at 25°C) and then dispersing the nanoparticles using a Sonic

Dismembrator (Fisher Scientific, Model F550) at 25% power for
30 min. MgCl,, NaCl, and Cacl, solutions, and 0.1 mol/L NaOH
and HCI solutions used for pH adjustment, were prepared
using ACS grade chemicals and DI water.

1.2. Batch adsorption experiments

A GO working solution was prepared by addition of the stock
solution into DI water to reach a GO concentration of 20 mg/L.
The working solution was dispersed with ultrasonication for
10 min before it was used in the experiments. Adsorption of
Ca?* and Na' by GO nanoparticles was tested by mixing
solutions containing 10 mg/L of GO and 1-4 mmol/L of Ca®* or
Na* in 50 mL centrifuge tubes on a rotary mixer. After over-
night mixing, the samples were centrifuged at 10,000 r/min
for 30 min. The supernatant samples were collected and
passed through a 0.22 pm syringe filter for analysis of soluble
Ca®* and Na* concentrations using an inductively coupled
plasma optical emission spectrometer (ICP-OES) (Varian Vista
MPX). The amount of metal ions adsorbed on GO, q. (mmol/g),
was calculated from the difference between the initial con-
centration C, (mmol/L) in aqueous solution and the equilib-
rium concentration C, (mmol/L) determined in solution after
filtration: ge = (Co — Ce)V / Madsorbent, Where V (L) is the volume
of the suspension and Magsorbent (g) is the mass of GO.

1.3. Raman spectroscopy analysis

The Raman spectra were collected in high resolution mode
with a dispersive Raman spectrometer (Thermo Nicolet
Almega XR) equipped with a CCD detector, optical micro-
scope, digital camera, and 780 nm laser line with a laser
source power of 30 mW (50% power was applied in the
analysis). The Raman band of a silicon wafer at 520 cm™*
was used to calibrate the spectrometer. All the measurements
were conducted in the backscattering geometry. A 10x
microscope objective was used, providing a laser spot size
of 3.1 pm. The data acquisition time was 3 sec per scan, and
100 scans were used for each spectrum collection.

1.4. Effect of pH and cations on GO aggregation

The NaCl and CaCl, solutions were added into the GO working
solution to reach the desired salt concentrations. An initial
concentration of 10 mg/L of GO was used for all tests. The
solution pH was adjusted to desired values using NaOH and
HCI solutions at 0.1 mol/L. After 15 min of mixing, 2.5 mL
samples were taken for measurement of the zeta potential
and the hydrodynamic diameter (Dh) using a Nano ZetaSizer
ZEN3600 (Malvern Instrument, UK).

2. Results and discussion
2.1. Adsorption of Ca®* on GO
Batch adsorption experiments were carried out in order to

assess the adsorption behavior of GO for Ca”*. Adsorption
kinetic results in Appendix A Fig. S1 showed that Ca** was
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Fig. 1 - Adsorption of Ca®* on GO as a function of pH. GO
content = 10 mg/L, Ca’* = 1 mmol/L and Na* = 10 mmol/L in
the binary component solution.

adsorbed on GO rapidly and reached adsorption equilibrium
in 15 min. A short time is required for the adsorption to reach
equilibrium because the surface of the dispersed GO nano-
sheets is readily available to the adsorbates. Conventional
adsorbents, such as granular activated carbon and activated
alumina, have a long adsorption equilibrium time because
of slow diffusion of adsorbates into the pores of the porous
particles.

The adsorption of Ca®" on GO was investigated at pH
from 4 to 10 with and without addition of 10 mmol/L of Na*
in solution (Fig. 1). As shown, the adsorption of Ca®* signifi-
cantly increased with increasing pH, especially in the absence
of Na*. Adsorption of cations on metal oxide surfaces typically
increases with increasing pH (Stumm, 1992). Calcium cations
have been reported to bridge deprotonated carboxyl groups
on organic matter and ionized OH groups (-O-) on mineral
surfaces (e.g. goethite, aluminosilicates and kaolinite) through
formation of complexes that involve electrostatic attraction
between Ca®* cations and negatively charged functional groups
(Sposito, 2008).

Ionization of the oxygen-containing functional groups on
the GO surface may play an important role in the adsorption
of metal ions, which is favored at high pH. Adsorption
isotherms were derived using adsorption data collected at
pH 7 (Fig. 2) for both Ca®?* and Na*. The amount of adsorbed
Ca’* increased with increasing Ca’* concentration, with and
without Na* in solution, while no significant adsorption of
Na* was detected.

The adsorption isotherm data for Ca** and Ca®* + Na* were
fitted using the Langmuir isotherm model. The Langmuir
isotherm is expressed according to the following equation:

qe = quCe/(l + KCE)

where, g. (mmol/g) and g, (mmol/g) are the amount of
adsorbate on the adsorbent and the maximum adsorption
capacity, respectively, K (L/mmol) is the Langmuir adsorption
equilibrium constant, and C. (mmol/L) is the equilibrium
adsorbate concentration.

20
O Ca
® Ca+Na o
- — — Langmuir_Ca p—
15 | —— Langmuir_Ca+Na e - O
A Na sl
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Fig. 2 - Adsorption isotherms of Ca®* in solutions with and
without 10 mmol/L Na*, and adsorption of Na*. GO content =
10 mg/L, pH = 7.0 = 0.1.

The Langmuir isotherm model assumes monolayer cover-
age of adsorbate over a homogenous adsorbent surface, and
that the adsorption of each molecule onto the surface has the
same activation energy of adsorption. The value of K indicates
the strength or affinity of the adsorbent for the solute. The
adsorption isotherms were well fitted by the Langmuir iso-
therm model (R*[Ca**] = 0.891; r-square[Ca®* + Na*] =0.903) sug-
gesting that adsorption of Ca?* on GO occurs by monolayer
coverage. The Langmuir model has been reported to be a
suitable fit for adsorption of different heavy metals on GO (Yang
et al,, 2010). The amount of Ca?* adsorbed on GO decreased in
the presence of 10 mmol/L of Na*, which was consistent with
the results observed (Fig. 1). The qmax calculated from the
Langmuir model was 153 mmol/g for Ca®" + Na* and
21.1 mmol/g in the presence of Ca®* only. At present, there are
no data available in the literature about the adsorption capacity
of GO for Ca®*; however Ca®* was found the adsorbed on GO up
to 50% of the original concentration in the pH range 7 to 8
following the same behavior of with Sr, Zn and Ni (Gu and Fein,
2015).

2.2. Spectroscopic characterization of GO

Raman spectroscopy is a standard nondestructive tool that
has been widely used to characterize crystalline, nanocrystal-
line and amorphous carbon. It has been extensively used also
to identify the electrostatic or chemical nature of adsorption
mechanisms (Ramesha et al., 2011; Caftamares and Lombardi,
2015; Liu et al., 2016).

Fig. 3 shows the Raman spectra of GO in DI water and in
NaCl and CaCl, solutions. The spectrum (Line a) of GO in DI
water is similar to those reported in the literature (Ferrari and
Robertson, 2000; Cannamares and Lombardi, 2015). The Raman
spectra of GO, as part of the graphite based material family, is
characterized by two prominent peaks at 1333 and 1594 cm™?,
corresponding to the D and G bands, respectively. The GO
nanosheets can stack together in the suspension. The D band
is associated with the order/disorder of the GO system; the
peak arises from the carboxyl, hydroxyl and epoxy groups on
the carbon skeleton. The G band indicates the stacking
structure of GO as well as the stretching in the sp® sites (Das
et al,, 2000). The Raman spectra of GO in 2.0 mmol/L NaCl
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Fig. 3 - Raman spectra of (line a) GO, GO = 1000 mg/L; (line b)
GO + 2.0 mmol/L Na*; (line c¢) GO + 0.1 mmol/L Ca**; (line d)
GO + 0.5 mmol/L Ca%*; (e) GO + 1 mmol/L Ca®*.

were similar to that of the GO in DI water. The results suggest
that there were no strong bonding interactions between Na*
and the surface functional groups, which is consistent with
the small amount of Na* adsorbed by GO as shown in Fig. 2.

The Raman spectra of GO in 0.1 mmol/L CaCl, solutions
were similar to that of the GO in DI water. However, when the
concentration of Ca increases from 0.1 to 1 mmol/L, a
significant change in intensity is showed for both the G and
D band peaks. A new peak arose at 1471 cm™* which may be
attributed to a shift of the G band. The D band peak position is
still visible with 1 mmol/L of CaCl,, even with lower intensity
if compared to the peak at 1470 cm™™.

Both changes in intensity and shift of the G band peak
for GO and graphene have been already reported (Das et al.,
2000; Voggu et al., 2008); adsorption of dyes on Exfoliated
Graphene Oxide (EGO) showed a small shift of the G band
peak, which was attributed to charge transfer (Ramesha etal.,
2011). Since the changes induced by Ca?* adsorption on the
GO Raman spectra are more dramatic, it is clear that Ca®*
has strong bonding interactions with the functional groups
on GO, which are beyond electrostatic interaction only. It
is known that Ca®>* forms complexes with carboxylic acids,
such as m-hydroxybenzoic acid and 3,5-dihydroxybenzoic
acid (Emara et al., 1984), and with carboxyl groups on humic

and fulvic acids (Ouatmane et al., 1999). The Raman spectra,
adsorption results, and previously reported complexation
reactions of Ca®* with carboxyl groups of organic compounds
suggest that Ca®* ions were strongly bound to carboxyl
groups (-COOH) on GO to form inner-sphere complexes
(e.g. —-COOCa").

The possible formation of surface complexes neutralized
the negative surface charges and increased the surface and
zeta potential (Fig. 5). In contrast, Na* ions were electrostat-
ically adsorbed in the diffuse layer to form outer-sphere
surface complexes (e.9. -COO~Na"). The adsorbed counterions
increased the zeta potential through charge screening, but
could not affect the surface potential as shown by zeta potential
measurements.

2.3. Effect of pH and cations concentration on GO aggregation

Fig. 4 shows the effect of pH on the zeta potential and size of
GO nanoparticles in Na*, Ca?*+Na* and Mg>* + Na* solutions.
The zeta potential decreased when the pH increased from 4
to 10 in the 10 mmol/L NacCl solution (Fig. 4a). The decreased
zeta potential was attributed to increased deprotonation of
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Fig. 4 - (a) Zeta potential and (b) hydrodynamic diameter
of GO nanoparticles as a function of final pH in 10 and

50 mmol/L NaCl, 1 mmol/L CaCl, + 7.0 mmol/L NaCl and

1 mmol/L MgCl, + 7.0 mmol/L NaCl solutions. GO

content = 10 mg/L, ionic strength in the binary component
solution = 10 mmol/L.
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Fig. 5 - Effects of Na* concentration on the zeta potential and size of GO nanoparticles at pH = 4.4 = 0.1(a) and pH = 7.0 = 0.1 (b);
effects of Ca?* concentration, with and without Na*, on the zeta potential and size of GO nanoparticles at pH = 4.4 + 0.1(C) and
(D) pH = 7.0 = 0.1. GO content = 10 mg/L, ionic strength in the binary component solution = 10 mmol/L.

the -COOH and —-OH groups to form more negatively charged
sites, which explains the lower values obtained for the GO
without ion addition (Fig. 4a). Deprotonation of the carboxylic
groups plays a key role in increasing the GO stability due
to surface charge development at increasing pH. In fact, the
deprotonation of —OH is much weaker, compared to -COOH,
and may not contribute much to the surface charge develop-
ment on GO (Szabo et al., 2006a; Whitby et al., 2011).

The zeta potential values were higher in the 50 mmol/L
solution than in the 10 mmol/L NaCl solution in the entire
pH range. The Raman spectroscopic results in Fig. 3 show
that Na* did not induce significant changes in the GO spectra
either in intensity or peak shift; therefore Na* does not
have strong interaction with the surface functional groups
on GO. Thus the increased zeta potential at the high NaCl
concentration was attributed to electrostatic attraction due
to the presence of more Na* into the electrical diffuse layer.
According to classical colloidal theory (Russel et al., 1989),
more Na* will be adsorbed in the diffuse layer to screen
the negative surface charge as the electrolyte concentration
increases. In the NaCl solutions, the positive charges gener-
ated by the Na* adsorbed into the diffuse layer were lower
than the increased negative charges generated by deproton-
ation of the functional groups with increasing pH.

In contrast to the decreased zeta potential in the Na*
solutions with increasing pH, the zeta potential increased
in the divalent cation solutions (Ca**and Mg®*), which is
consistent with the Ca®* adsorption results (Fig. 1). The results
suggest that large amounts of Ca®>* were absorbed on the
GO surface, which changed the negative carboxyl sites -COO~
to positive sites -COOCa*. The amount of positive charge
generated by the adsorbed cations exceeded the increased
negative charges formed by the deprotonation of the

functional groups with increasing pH. Specific adsorption of
cations at higher pH can even reverse the sign of the zeta
potential of colloidal particles (Russel et al., 1989). The higher
zeta potential values at high pH in the Ca®* + Na* with respect
to Na* and Mg”>* + Na* solutions suggested that the adsorp-
tion of Ca®* was stronger than that of the other cations.

The pH also had different effects on the particle size in
the four solutions (Fig. 4b). The Dh in the 10 and 50 mmol/L
NacCl solutions was not affected much in the pH range of
4-10. The average Dh of the dispersed GO in the 10 mmol/L
NacCl solution was about 360 nm (Fig. 4b), which was similar
to the lateral dimensions (i.e., 300-800 nm) of the GO nano-
sheets. Transmission electron microscopy (TEM) images
(Appendix A Fig. S2) show a small piece of GO nanosheet
with a length of about 200 nm in the upper-right corner and
a large piece with several layers of nanosheets stacked
together, with a length of about 750 nm at the center. The GO
nanosheets could also undergo some folding, which would
affect the measured particle size (Szabd et al., 2006b).

In the Mg”>* + Na* solution, the Dh increased in the pH
range of 7-10. The particle size increase was even more
dramatic in the Ca?* + Na* solution, and occurred over a broad
pH range of 5-10. The Dh of GO nanoparticles was also found
to be larger in Ca®>* than Mg>* solutions, at pH = 5.5, in the
concentration range from 1 to 10 mmol/L (Chowdhury et al.,
2013).

The stability of a colloidal suspension is determined by
electrostatic repulsion and van der Waals attraction between
the charged particles (Szabd et al.,, 2006b). Zeta potential
indicates the degree of the repulsion. When the absolute
potential value is high (negative or positive), the repulsion
force is higher than the attraction force, which prevents the
GO nanoparticles from aggregating. The high negative
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potential in the 10 mmol/L NaCl solution prevented the
nanoparticles from aggregating in the whole pH range tested.
In the Ca®* + Na* and Mg®* + Na* solutions, the increased Dh
with increasing pH was coincident with the decreasing
absolute value of the zeta potential.

The zeta potential and size of GO nanoparticles at pH 4.4
and 7.0 were also investigated as function of Na* and Ca®*
concentrations (Fig. 5). The zeta potential increased with
increasing Na® concentration from zero to 40 mmol/L at
PH 4.4 and up to 110 mmol/L at pH 7. These results are con-
sistent with the pH-dependent stability behavior of function-
alized fullerene (nC60) and carbon nanotubes in NaCl solution
(Bouchard et al., 2009; Li and Huang, 2010; Chowdhury et al.,
2012).

The Dh increased gradually with Na* concentration from
about 350 to 2000 nm for both pH values (Fig. 5a-b). Appendix A
Fig. S4 shows a TEM image of the loose GO flocs formed in a
100 mmol/L NaCl solution. The solid particles in the image
are NaCl precipitates formed after the suspension sample
was dried for TEM analysis. Lanphere and coworkers in 2014
reported that the GO nanoparticles formed aggregates when
the KCI concentration was higher than 32 mmol/L (Lanphere
et al., 2014).

The effect of Ca®* concentration on the zeta potential
and size of GO nanoparticles at different pH is presented in
Fig. 5c-d. The zeta potential and Dh of the GO nanoparticles
were also measured in the binary component solution,
Ca®*+Na®, at 10 mmol/L constant ionic strength. The zeta
potential increased with increasing Ca®* concentration more
dramatically at pH 7 than at pH 4.4. The Dh did not increase
much when the Ca’* concentration increased from 0 to
1 mmol/L at pH = 4.4, but it started to increase at 0.2 mmol/L
of Ca®* at pH = 7. The particle size increased from ~400 nm
to ~6900 nm with increasing Ca®* concentration from 0.2
to 3 mmol/L. The results indicated that the aggregation
effect of Ca®" on GO was more significant at higher pH
level, which is consistent with high adsorption of Ca®* at
higher pH (Fig. 1). TEM images (Appendix A Fig. S3) showed
that dense GO flocs formed in a 2 mmol/L CacCl, solution. Fig.
S5c-d also show that the presence of Na' in the CaCl,
solutions decreased the zeta potential of GO, which agrees
with the decrease in Ca®* adsorption caused by Na* (Figs. 1
and 2). In addition to the chemical adsorption of Ca®* at the
GO surface, some Ca®* cations could be adsorbed into the
diffused layer through electrostatic attraction. High Na*
concentration could decrease the amount of Ca® in the
diffuse layer, thus reducing the adsorption of Ca**. However,
Na* should not decrease the amount of chemically adsorbed
Ca®".

3. Conclusions

GO had high adsorption capacity for Ca** when pH was
greater than 7, while it had very low adsorption for Na*. Ca**
adsorption dramatically changed the Raman spectra of GO,
while Na* adsorption had no effect on the Raman spectra.
Raman spectroscopy showed that Ca”* ions were strongly
adsorbed on the GO surface with dramatic changes in the

typical GO spectra. The zeta potential of GO decreased with
increasing pH in the NaCl solution due to increased
deprotonation of the carboxyl and hydroxyl groups on GO.
The zeta potential increased with increasing pH in the Ca®*
solution instead, because of the formation of the positive sites
—-COOCa". As a result, the GO suspension was more stable in
NacCl solutions, while GO nano sheets formed aggregates in
CaCl, solutions when the pH increased from 4 to 9. The results
of this study show that Ca’* has strong interaction with the
surface functional group of GO which suggest formation of
inner-sphere complex.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jes.2017.01.008.
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