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ABSTRACT

The uptake of Co(II) on graphene oxide (GO) by an adsorption process as a function of pH and ionic 
strength in the absence and presence of humic acid (HA) or fulvic acid (FA) was studied using batch 
technique. The results indicated that the uptake is strongly dependent on pH but independent of ionic 
strength. A stimulative effect of HA/FA on Co(II) uptake was found at pH < 7.0, whereas an inhibitory 
effect was observed at pH > 7.0. Kinetic studies suggest that Co(II) uptake on GO could be described 
more favorably by the pseudo-second-order kinetic model. The uptake isotherms can be described 
better by the Langmuir, Freundlich, and D-R models than by the linear model. The thermodynamic data 
calculated from the temperature-dependent uptake isotherms suggests that the uptake of Co(II) on GO 
is spontaneous and endothermic. Results of this work are of great importance for the environmental 
application of GO in the treatment of Co(II) from wastewater and indicated that GO is promising for the 
natural attenuation of Co(II) and related metal ions from aqueous solution.

INTRODUCTION

Pollution in the natural water due to hazardous and non-bi-
odegradable heavy metal ions such as lead, cuprum, nickel, 
cadmium, and cobalt, originates from various human indus-
trial activities such as electroplating, mining, fabrication of 
batteries, and microelectronics (Mobasherpour et al. 2014, 
Jin et al. 2015, Sun et al. 2015, Arancibia-Miranda et al. 2016, 
Sheng et al. 2016). It is a potential hazard to living systems; 
hence, it is essential to develop efficient and inexpensive 
materials and technologies to remove them from polluted 
water and recycle them. 60Co(II) is one of the most serious 
radionuclides that encroach on the environment due to its 
long half-life (T1/2 = 5.27 a). The radionuclides 60Co and 
58Co are present in liquid wastes released from pressurized 
water nuclear power reactors (Zhang et al. 2011). The per-
missible limits of cobalt in the irrigation water and livestock 
wastewaters are 0.05 and 1.0 mg·L-1 respectively (Shibi et 
al. 2005). Cobalt poisoning in human beings may cause neu-
ron toxicological disorders, genotoxicity, and cause cancer 
(Bhatnagar et al. 2010). Until now, various methods are in 
use to remove and recover heavy metals such as chemical 
precipitation (Chen et al. 2018), uptake (Ding et al. 2015), 
ion exchange (Komatsu et al. 2010), and membrane filtration 
(Almasian et al. 2018) among which uptake is considered 
an economical and effective strategy (Jin et al. 2014, Ma 
et al. 2015). Recently, numerous studies have investigated 

the uptake of Co(II) and related metal ions on a variety of 
adsorbents such as bentonite/iron oxide (Chen et al. 2011), 
alumina (Mou et al. 2012), Fe3O4@cyclodextrin (Zhang et al. 
2014), fungus/attapulgite composites (Cheng et al. 2015), and 
multiwalled carbon nanotubes/polyacrylamide composites 
(Yang et al. 2011). However, research seeking novel potential 
adsorbents for the removal of metal ions with much higher 
uptake capacities and efficiencies is always necessary.

Graphene (G), a single or several atomic layered graph-
ites, is a fascinating new class of two-dimensional carbon 
nanostructures and possesses excellent mechanical, thermal, 
and electrical properties (Zhao et al. 2011, Deng et al. 2013, 
Luo et al. 2019). Graphene exhibits a huge surface area with 
a calculated value of 2630 m2·g-1. It has shown great promise 
in the application of environmental pollution remediation. 
However, graphene itself is a hydrophobic substance, pre-
venting it as an adsorbent for directly removing heavy metal 
ions from an aqueous solution. Graphene oxide (GO), the 
oxidation product of graphene containing epoxide, carbonyl, 
carboxyl, and hydroxyl functional groups, is hydrophilic, 
negatively charged, and readily disperses in an aqueous solu-
tion to form a stable suspension (Gao et al. 2011). Therefore, 
GO has the potential to remove heavy metal ions and organic 
pollutants in wastewater and has recently attracted signifi-
cant attention as a high adsorbent in wastewater treatment 
(Bradder et al. 2011, Zhao et al. 2011). For instance, Wang 
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et al. (2014) investigated the uptake of polycyclic aromatic 
hydrocarbons onto G and GO. Pei et al. (2013) used G and 
GO for the removal of 2-naphthol, 2,4,6-trichlorophenol, 
1,2,4-trichlorobenzene, and naphthalene. Zhao et al. (2011) 
reported that GO showed a strong uptake capacity to Pb(II), 
Cd(II), and Co(II). Besides, they found that the uptake of 
heavy metal ions is dependent on the extent of O-containing 
functional groups. Ramesha et al. (2011) studied the uptake 
of anionic and cationic dyes on G and GO. They also stud-
ied the uptake of Cu(II) and Ni(II) on GO as a function of 
solution chemistry (Li et al. 2014, 2015). All these investiga-
tions indicated G and GO showed an outstanding capability 
in the removal of a wide range of organic and inorganic 
contaminants. Nevertheless, to our knowledge, there is little 
information about the simultaneous uptake of metal ions and 
organics on GO. And we should realize that metal ions and 
organics may exist simultaneously in the real environment. 
For example, the presence of soil humic substances like hu-
mic acid (HA) or fulvic acid (FA) obviously influences the 
uptake of metal ions at the interface (Sheng et al. 2014a, b). 
So, it is very necessary to study the uptake of metal ions on 
GO in the presence of organic contaminants and vice versa.

Hence, to extend the practical application of GO in metal 
ion remediation, Co(II) as a chemical analog of radionuclides 
was selected in this paper. The objectives of this paper were: 
(1) to study the uptake kinetics and to simulate the data with 
a pseudo-second-order equation; (2) to investigate the effect 
of water chemistries (e.g., reaction time, pH, ionic strength, 
and temperature) on Co(II) onto GO by batch techniques; (3) 
to determine the uptake mechanism between Co(II) and GO; 
(4) The regeneration and reuse of GO in Co(II) uptake were 
also studied. The highlight of this paper is that the potential 

application of GO towards the removal of radionuclides from 
aqueous solutions in environmental remediation strategy.

MATERIALS AND METHODS

Materials and Reagents

GO was prepared using the modified Hummers method; the 
results of the SEM and TEM characterization of the prepared 
GO are shown in Fig. 1. From the SEM images (Fig. 1A) 
we can see that the GO was randomly accumulated by thin 
nanosheets in a loose state, the surface is smooth, and there 
was a crimp in the fold oxidation state. More finely, as shown 
in the TEM image (Fig. 1B), the GO film is transparent and 
typically wrinkled, sheet-like structures. All reagents used in 
the experiments were purchased in analytical purity and used 
without any purification. All solutions were prepared with 
Milli-Q water. Add 0.8075 g CoCl2·6H2O analytical reagent 
into a beaker, add an appropriate amount of deionized water 
to dissolve, and then pour it into a 1000 mL volumetric flask. 
Add deionized water to the volumetric flask to the scale line 
to obtain the Co(II) stock solution in a concentration of 200 
mg·L-1. The prepared Co(II) stock solution was diluted to the 
required concentrations in the following experiments. The 
humic acid (HA) and fulvic acid (FA), which were obtained 
as a gift from the Institute of Plasma Physics, Chinese Acad-
emy of Sciences, were extracted from the soil of Hua-Jia 
county (Gansu province, China) and had been characterized 
in detail previously (Tan et al. 2009).

Uptake Procedures

The uptake of Co(II) on GO was investigated by using the 
batch technique in polyethylene centrifuge tubes under dif-
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ferent chemical conditions. The stock suspension of GO and 
NaNO3 solution was first contacted for two days to achieve 
the equilibration of GO and NaNO3. Then, Co(II) stock solu-
tion and FA or HA stock solution were added to achieve the 
desired concentrations of different components. The system 
was adjusted to the desired pH by adding inappreciable vol-
umes of 0.01 mol·L-1 HNO3 or NaOH. After the suspensions 
were shaken for two days, the solid and liquid phases were 
separated by centrifugation at 9000 rpm for 60 min at the 
same temperature control to the uptake experiments. The 
concentration of 60Co(II) was analyzed by liquid scintillation 
counting using a Packard 3100 TR/AB Liquid Scintillation 
Analyzer (PerkinElmer). The scintillation cocktail was ULTI-
MA GOLD ABTM (Packard) (Chen et al. 2011). The amount 
of Co(II) absorbed on GO was calculated from the difference 
between the initial concentration and the equilibrium one.

For reversibility and regeneration study, a typical treat-
ment process was conducted by adding 500 mL of 0.01 
mol·L-1 NaNO3 and 10 mg·L-1 Co(II) into a 1 L beakers 
containing GO with three different concentrations (i.e., 0.05, 
0.1, and 0.2 g·L-1). The pH was adjusted to a certain value. 
The suspensions were continuously stirred for 24 h by using 
a mechanical mixer and then separated, and the obtained su-
pernatants were used for the measurement of Co(II) concen-
tration. The solid was washed with 0.001 mol·L-1 HNO3 and 
high-purity Milli-Q water, until Co(II) could be determined, 
collected, and dried at 60 oC. The recovered GO was used 
for Co(II) uptake a second time. According to this process, 
the adsorption-desorption process was repeated 6 times.

The uptake of Co(II) was expressed in terms of distribu-
tion coefficient (Kd) and uptake percentage (%) was derived 
from the following equations (Zhang et al. 2014):
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In the equations, qt (mg·g-1) is the amount of Co(II) 
uptake on GO at time t (h), qe (mg·g-1) is the equilibrium 
Co(II) capacity, and k (g·mg-1·h-1) is the rate constant of an 
uptake process. The straight-line plots of t/qt versus t (Fig. 
2B) indicate that the kinetic uptake of Co(II) on GO is well 
described by the pseudo-second-order rate equation. The 
values of k and qe determined from the slopes and intercepts 
of the kinetic model are listed in Table 1. The correlation 
coefficients of the pseudo-second-order rate equation for 
the linear plot are very close to 1, which suggests that the 
kinetic uptake can be described by the pseudo-second-order 
rate equation very well.

Effect of Solid Content

Fig. 3 shows the dependence of Co(II) uptake on GO as a 
function of solid content at T = 293 K and pH = 6.0 ± 0.1. 
As can be seen that the uptake percentage of Co(II) increases 
rapidly with increasing GO contents. With increasing solid 
contents, the number of functional groups at the GO sur-
faces increases, hence, more exchangeable surface sites are 
available to form complexes with Co(II) at solid surfaces. 
As can be seen from Fig. 3, the uptake capacity of Co(II) on 
GO decreases gradually with the increase of solid content. 
These phenomena can be attributed to three reasons: (1) The 
solid surface is composed of sites with a spectrum of binding 
energies. At low GO content, all kinds of surface sites are 
entirely exposed for uptake Co(II) and the surface gets to 
saturation faster, resulting in a higher uptake capacity. But 
at higher particle concentrations, the availability of higher 
energy sites decreases with a larger fraction of lower energy 
sites becoming occupied, leading to a lower uptake capacity 
(Huang et al. 2008); (2) The higher GO amount enhances the 
probability of collision between GO particles and therefore 
creates particle aggregation, causing a decrease in the total 
surface area and an increase in diffusion path length, both 
of which contribute to the decrease in the uptake capacity 
of Co(II) on GO (Li et al. 2011); (3) The increase ratio of 
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net uptake quantity of Co(II) on GO surface is lower than 
that of the solid content, correspondingly decreasing the 
uptake capacity of Co(II) on GO. This result implies that 
the augmentation of GO could not unboundedly increase the 
contact area between metal ions and the solid surface. At the 
same time, the competition uptake between the sorbent will 
also reduce the uptake ability of solid particles. Thus, with 
a view to reducing the cost of pollution treatment in actual 
application, one should choose a suitable sorbent dosage 
according to the pollutant concentrations and required re-
moval efficiency.

Impact of pH and Ionic Strength

The pH dependence of Co(II) uptake on GO ranging from 
2.0 to 10.0 at three different ionic strengths (i.e., 0.001, 0.01, 
and 0.1 mol·L−1 NaNO3) is shown in Fig. 4. As can be seen, 
the pH values of the aqueous solution play an important role 
in the uptake of Co(II) on GO. With the CCO(II)initial of 10 
mg·L−1, the uptake of Co(II) on GO increases slowly with 
pH ranging from 2.0 to 4.0, then increases abruptly with pH 
4.0–8.0 and at last maintains the high uptake level with pH 
increasing at pH > 8.0. About 90% of Co(II) is absorbed on 
GO at pH > 8.0.

The uptake of metal ions on sorbents is obviously af-
fected by pH values because it not only influences metal ion 
species in solution but also affects the surface properties of 
the sorbents according to dissociation of functional groups 
and surface charge. The increase of Co(II) uptake on GO 

with increasing solution pH may be attributed to the surface 
properties of GO in terms of surface charge and dissociation 
of functional groups. Because of the protonation reaction 
(i.e.,

 13 

surface properties of GO in terms of surface charge and dissociation of functional 

groups. Because of the protonation reaction (i.e.,   2MOHHMOH ), the GO 

surface contains a large number of binding sites and can become positively charged at 

low pH. The electrostatic repulsion occurred between Co(II) and the positively charged 

sites (MOH2
+) on GO results in the low uptake of Co(II). At high pH, the GO surface 

becomes negatively charged due to the deprotonation process (i.e.,   HMOMOH ) 

and electrostatic repulsion obviously decreases with pH raising, which enhances the 

uptake of Co(II) on GO through electrostatic force of attraction (Yang et al. 2011, Deng 

et al. 2013). At the same time, another factor needs to be considered, that is, the increase 

in pH values may lead to Co(II) precipitation on the GO surface. Previous research has 

reported that the hydrolysis is constant of Co(OH)2 is 1.58×10-14.80 (Chen et al. 2011). 

In our study, the initial concentration of Co(II) is 10 mg·L−1, so Co(II) begins to form 

precipitation at a pH of about 8.7. However, at pH 8.0, the Co(II) ions are absorbed on 

GO completely. Consequently, it is impossible to form precipitation because of the very 

low concentration of Co(II) that remained in the solution. Hence, the sharp increase of 

Co(II) uptake on GO at pH 4.0-8.0 is not attributed to the Co(II) precipitation. 

Fig. 4 also displays the impact of ionic strength on Co(II) uptake on GO. We can see 

that ionic strength showed a negligible effect on Co(II) uptake. The uptake is weakly 

affected by ionic strength at pH 4–8 and no effect is approximately found at pH < 4.0 

or pH > 8.0. The ionic strength may affect the double electrode layer thickness and 

interface potential, hence, affecting the binding of the adsorbed species. Outer-sphere 

surface complexes are regarded to be more impressionable to ionic strength variations 

), the GO surface contains a large 
number of binding sites and can become positively charged at 
low pH. The electrostatic repulsion occurred between Co(II) 
and the positively charged sites (MOH2

+) on GO results in 
the low uptake of Co(II). At high pH, the GO surface be-
comes negatively charged due to the deprotonation process  
(i.e., 

 13 

surface properties of GO in terms of surface charge and dissociation of functional 

groups. Because of the protonation reaction (i.e.,   2MOHHMOH ), the GO 

surface contains a large number of binding sites and can become positively charged at 

low pH. The electrostatic repulsion occurred between Co(II) and the positively charged 

sites (MOH2
+) on GO results in the low uptake of Co(II). At high pH, the GO surface 

becomes negatively charged due to the deprotonation process (i.e.,   HMOMOH ) 

and electrostatic repulsion obviously decreases with pH raising, which enhances the 

uptake of Co(II) on GO through electrostatic force of attraction (Yang et al. 2011, Deng 

et al. 2013). At the same time, another factor needs to be considered, that is, the increase 

in pH values may lead to Co(II) precipitation on the GO surface. Previous research has 

reported that the hydrolysis is constant of Co(OH)2 is 1.58×10-14.80 (Chen et al. 2011). 

In our study, the initial concentration of Co(II) is 10 mg·L−1, so Co(II) begins to form 

precipitation at a pH of about 8.7. However, at pH 8.0, the Co(II) ions are absorbed on 

GO completely. Consequently, it is impossible to form precipitation because of the very 

low concentration of Co(II) that remained in the solution. Hence, the sharp increase of 

Co(II) uptake on GO at pH 4.0-8.0 is not attributed to the Co(II) precipitation. 

Fig. 4 also displays the impact of ionic strength on Co(II) uptake on GO. We can see 

that ionic strength showed a negligible effect on Co(II) uptake. The uptake is weakly 

affected by ionic strength at pH 4–8 and no effect is approximately found at pH < 4.0 

or pH > 8.0. The ionic strength may affect the double electrode layer thickness and 

interface potential, hence, affecting the binding of the adsorbed species. Outer-sphere 

surface complexes are regarded to be more impressionable to ionic strength variations 

) and electrostatic repulsion obviously 
decreases with pH raising, which enhances the uptake of 
Co(II) on GO through electrostatic force of attraction (Yang 
et al. 2011, Deng et al. 2013). At the same time, another 
factor needs to be considered, that is, the increase in pH 
values may lead to Co(II) precipitation on the GO surface. 
Previous research has reported that the hydrolysis is constant 
of Co(OH)2 is 1.58×10-14.80 (Chen et al. 2011). In our study, 
the initial concentration of Co(II) is 10 mg·L−1, so Co(II) 
begins to form precipitation at a pH of about 8.7. However, 
at pH 8.0, the Co(II) ions are absorbed on GO completely. 
Consequently, it is impossible to form precipitation because 
of the very low concentration of Co(II) that remained in the 
solution. Hence, the sharp increase of Co(II) uptake on GO 
at pH 4.0-8.0 is not attributed to the Co(II) precipitation.

Fig. 4 also displays the impact of ionic strength on Co(II) 
uptake on GO. We can see that ionic strength showed a neg-
ligible effect on Co(II) uptake. The uptake is weakly affected 
by ionic strength at pH 4–8 and no effect is approximately 

 12 

 

Fig. 3: Uptake of Co(II) on GO as a function of solid content at T = 293 K, pH = 6.0 ± 
0.1, CCo(II)initial = 10 mg/L, I = 0.1 mol/L NaNO3. 

Impact of pH and Ionic Strength 

The pH dependence of Co(II) uptake on GO ranging from 2.0 to 10.0 at three different 

ionic strengths (i.e., 0.001, 0.01, and 0.1 mol·L−1 NaNO3) is shown in Fig. 4. As can be 

seen, the pH values of the aqueous solution play an important role in the uptake of Co(II) 

on GO. With the CCO(II)initial of 10 mg·L−1, the uptake of Co(II) on GO increases slowly 

with pH ranging from 2.0 to 4.0, then increases abruptly with pH 4.0–8.0 and at last 

maintains the high uptake level with pH increasing at pH > 8.0. About 90% of Co(II) is 

absorbed on GO at pH > 8.0. 

The uptake of metal ions on sorbents is obviously affected by pH values because it not 

only influences metal ion species in solution but also affects the surface properties of 

the sorbents according to dissociation of functional groups and surface charge. The 

increase of Co(II) uptake on GO with increasing solution pH may be attributed to the 

Fig. 3: Uptake of Co(II) on GO as a function of solid content at T = 293 K, pH = 6.0 ± 0.1, CCo(II)initial = 10 mg/L, I = 0.1 mol/L NaNO3.
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found at pH < 4.0 or pH > 8.0. The ionic strength may affect 
the double electrode layer thickness and interface poten-
tial, hence, affecting the binding of the adsorbed species. 
Outer-sphere surface complexes are regarded to be more 
impressionable to ionic strength variations than inner-sphere 
complexes as the background electrolyte ions are placed in 
the same plane for outer-sphere surface complexes (Hayes & 
Leckie 1987). Based on this theory and the results of these 
studies, we can deduce that inner-sphere surface complexa-
tion is the main mechanism of Co(II) uptake on GO.

Impact of Humic Substances

The humic acid (HA) and fulvic acid (FA), which are ubiqui-
tous in the natural environment, can influence the uptake and 
transport of metal ions significantly as both of them can form 
strong complexes with metal ions (Sheng et al. 2014a, b). The 
uptake of Co(II) on GO in the presence/absence of FA/HA 
under different pH values is shown in Fig. 5. We can see that 
the presence of FA or HA enhances the uptake of Co(II) on 
GO at pH < 7.0, while Co(II) uptake was restrained at high 
pH > 7.0. The uptake of HA and FA onto GO as a function 
of pH was determined in previous work (Li et al. 2014), and 
it was found that 90% of HA/FA can be absorbed on GO at 
low pH, and then the uptake decreases with pH increasing. It 
was reported that both HA and FA were negatively charged 
at pH 3.0–10.0 (Sheng et al. 2012). Hence, at low pH, the 
negatively-charged HA/FA can be easily absorbed onto the 
positively-charged GO surface as a result of electrostatic 

attraction, resulting in the enhancement of Co(II) uptake 
onto GO due to the strong complexation ability of surface 
absorbed HA/FA with Co(II). However, at high pH, it is very 
difficult for the negatively-charged HA/FA to be adsorbed 
onto the negatively-charged GO surface due to the elec-
trostatic repulsion, therefore, the HA/FA in solution forms 
HA/FA-Co(II) soluble complexes, and thereby the uptake of 
Co(II) onto GO was greatly reduced. Similar results found 
the presence of HA/FA imposing a positive role in Ni(II) 
adsorption onto GO at low pH, whereas a negative role in 
the adsorption of Ni(II) onto GO was observed at high pH 
in previous work (Li et al. 2015).

Uptake Isotherms of Co(II) on GO and Thermodynamic 
Study

The uptake isotherms for Co(II) on GO at 293, 313, and 
333 K are shown in Fig. 6. It is clear from Fig. 6 that the 
uptake isotherm is the highest at T = 333 K and is the lowest 
at T = 293 K. The result indicates that high temperature is 
advantageous for Co(II) uptake on GO. This phenomenon 
may be attributed to two key factors (Hu et al. 2010, Jin et al. 
2014): (1) Increased diffusion rate of Co(II) into GO surface 
binding sites due to increased temperature that contributes to 
the observed uptake; (2) The increase in reaction temperature 
may increase in proportion and activity of Co(II) ions in solu-
tion, the affinity of Co(II) ions to GO surface, or the charge 
and the potential of GO surface. Four different models, viz. 
Linear, Langmuir, Freundlich, and D-R isotherm equations 
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are conducted to simulate the uptake isotherms and to 
establish the relationship between the amount of Co(II) 
adsorbed on GO and the concentration of Co(II) remained in  
solution.

The Linear model (Sheng et al. 2012, Li et al. 2015) is as:
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of Co(II) remained in the solution ; qe (mol·g-1) is the 
amount of Co(II) adsorbed on per weight unit of GO after 
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The Langmuir model assumes that uptake occurs in a 
monolayer with all uptake sites identical and energetically 
equivalent (Sheng et al. 2012, Li et al. 2015). Its form can 
be described by the following equation:
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where qmax (the maximum uptake capacity, mol·g-1) is the 
amount of sorbate at complete monolayer coverage, and b 
(L·mol-1) is a constant that relates to the heat of uptake.

The Freundlich expression is an exponential equation 
with the assumption that as the sorbate concentration increas-
es so too does the concentration of sorbate on the heteroge-
neous sorbent surface (Sheng et al. 2012). The equation is 
represented by the following equation: 

 

 18 

where qmax (the maximum uptake capacity, mol·g-1) is the amount of sorbate at complete 

monolayer coverage, and b (L·mol-1) is a constant that relates to the heat of uptake. 

The Freundlich expression is an exponential equation with the assumption that as the 

sorbate concentration increases so too does the concentration of sorbate on the 

heterogeneous sorbent surface (Sheng et al. 2012). The equation is represented by the 

following equation:  

n
eFe Ckq                           …(7) 

which can be expressed in linear form, 

eFe Cnkq logloglog                      …(8) 

where kF (mol1−n·Ln·g-1) represents the uptake capacity when Co(II) equilibrium 

concentration equals 1, and n represents the degree of dependence of uptake with 

equilibrium concentration. 

The D-R isotherm model is more general than the Langmuir isotherm since it does not 

have the restriction of surface properties or constant uptake potential (Sheng et al. 2012, 

Li et al. 2015). It has a general expression as follows: 

 2
max exp  qqe                     …(9) 

2
maxlnln  qqe                      …(10) 

where β (mol2·kJ-2) is the activity coefficient related to mean uptake energy, and ε is 

the Polanyi potential, which is equal to: 

 …(7)

which can be expressed in linear form,

 

 18 

where qmax (the maximum uptake capacity, mol·g-1) is the amount of sorbate at complete 

monolayer coverage, and b (L·mol-1) is a constant that relates to the heat of uptake. 

The Freundlich expression is an exponential equation with the assumption that as the 

sorbate concentration increases so too does the concentration of sorbate on the 

heterogeneous sorbent surface (Sheng et al. 2012). The equation is represented by the 

following equation:  

n
eFe Ckq                           …(7) 

which can be expressed in linear form, 

eFe Cnkq logloglog                      …(8) 

where kF (mol1−n·Ln·g-1) represents the uptake capacity when Co(II) equilibrium 

concentration equals 1, and n represents the degree of dependence of uptake with 

equilibrium concentration. 

The D-R isotherm model is more general than the Langmuir isotherm since it does not 

have the restriction of surface properties or constant uptake potential (Sheng et al. 2012, 

Li et al. 2015). It has a general expression as follows: 

 2
max exp  qqe                     …(9) 

2
maxlnln  qqe                      …(10) 

where β (mol2·kJ-2) is the activity coefficient related to mean uptake energy, and ε is 

the Polanyi potential, which is equal to: 

 …(8)

where kF (mol1−n·Ln·g-1) represents the uptake capacity when 
Co(II) equilibrium concentration equals 1, and n represents 
the degree of dependence of uptake with equilibrium con-
centration.

The D-R isotherm model is more general than the Lang-
muir isotherm since it does not have the restriction of surface 
properties or constant uptake potential (Sheng et al. 2012, Li 
et al. 2015). It has a general expression as follows:

 

 18 

where qmax (the maximum uptake capacity, mol·g-1) is the amount of sorbate at complete 

monolayer coverage, and b (L·mol-1) is a constant that relates to the heat of uptake. 

The Freundlich expression is an exponential equation with the assumption that as the 

sorbate concentration increases so too does the concentration of sorbate on the 

heterogeneous sorbent surface (Sheng et al. 2012). The equation is represented by the 

following equation:  

n
eFe Ckq                           …(7) 

which can be expressed in linear form, 

eFe Cnkq logloglog                      …(8) 

where kF (mol1−n·Ln·g-1) represents the uptake capacity when Co(II) equilibrium 

concentration equals 1, and n represents the degree of dependence of uptake with 

equilibrium concentration. 

The D-R isotherm model is more general than the Langmuir isotherm since it does not 

have the restriction of surface properties or constant uptake potential (Sheng et al. 2012, 

Li et al. 2015). It has a general expression as follows: 

 2
max exp  qqe                     …(9) 

2
maxlnln  qqe                      …(10) 

where β (mol2·kJ-2) is the activity coefficient related to mean uptake energy, and ε is 

the Polanyi potential, which is equal to: 

 …(9)

 

 18 

where qmax (the maximum uptake capacity, mol·g-1) is the amount of sorbate at complete 

monolayer coverage, and b (L·mol-1) is a constant that relates to the heat of uptake. 

The Freundlich expression is an exponential equation with the assumption that as the 

sorbate concentration increases so too does the concentration of sorbate on the 

heterogeneous sorbent surface (Sheng et al. 2012). The equation is represented by the 

following equation:  

n
eFe Ckq                           …(7) 

which can be expressed in linear form, 

eFe Cnkq logloglog                      …(8) 

where kF (mol1−n·Ln·g-1) represents the uptake capacity when Co(II) equilibrium 

concentration equals 1, and n represents the degree of dependence of uptake with 

equilibrium concentration. 

The D-R isotherm model is more general than the Langmuir isotherm since it does not 

have the restriction of surface properties or constant uptake potential (Sheng et al. 2012, 

Li et al. 2015). It has a general expression as follows: 

 2
max exp  qqe                     …(9) 

2
maxlnln  qqe                      …(10) 

where β (mol2·kJ-2) is the activity coefficient related to mean uptake energy, and ε is 

the Polanyi potential, which is equal to: 

 …(10)

where β (mol2·kJ-2) is the activity coefficient related to 
mean uptake energy, and ε is the Polanyi potential, which 
is equal to:

 

 19 











eC
RT 11ln                      …(11) 

where R (8.3145 J·mol-1·K-1) is ideal gas constant , and T (K) is the absolute 

temperature in Kelvin. 

E (kJ·mol-1) is defined as the free energy change, which requires to transfer 1 mol of 

Co(II) from solution to the GO surfaces. Its value can be calculated from the following 

equation: 

2
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The experimental data of Co(II) uptake on GO are regressively simulated with the 

Linear, Langmuir, Freundlich, and D-R models, and the results are given in Fig. 7. The 

relative values calculated from the four models are listed in Table 2. As can be seen 

from Fig. 7 and Table 2, the Langmuir, Freundlich, and D-R isotherm equations 

simulate the experimental data of the uptake isotherms of Co(II) on GO more 

significantly than the Linear model, which is supported by the good correlation 

coefficients in Table 2. There is no apparent distinction between the fitting curves of 

the three models as can be seen from Fig. 7 and the R2 values of Langmuir, Freundlich, 

and D-R models (see Table 2). The result indicates that the whole surface of GO has 

identical uptake activity and therefore the adsorbed Co(II) ions do not interact or 

compete with each other, and they are adsorbed by forming an almost complete 

monolayer coverage of the GO particles, thus, the chemosorption is the principal uptake 

mechanism in uptake process. 

 …(11)
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(K) is the absolute temperature in Kelvin.
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The experimental data of Co(II) uptake on GO are re-
gressively simulated with the Linear, Langmuir, Freundlich, 
and D-R models, and the results are given in Fig. 7. The 
relative values calculated from the four models are listed in 
Table 2. As can be seen from Fig. 7 and Table 2, the Lang-
muir, Freundlich, and D-R isotherm equations simulate the 
experimental data of the uptake isotherms of Co(II) on GO 
more significantly than the Linear model, which is supported 
by the good correlation coefficients in Table 2. There is no 
apparent distinction between the fitting curves of the three 

Table 2: The parameters for Linear, Langmuir, Freundlich, and D–R isotherms of Co(II) uptake on GO at different temperatures.

Linear model A B R2

T = 293 K 6.5062 × 10-4 7.6581 0.8583

T = 313 K 7.7276 × 10-4 11.2466 0.8966

T = 333 K 1.4400 × 10-4 11.8902 0.8711

Langmuir model qmax (mol·g-1) b (L·mol-1) R2

T = 293 K 0.0034 8667.4731 0.9709

T = 313 K 0.0054 6164.5186 0.9501

T = 333 K 0.0052 12256.5000 0.9862

Freundlich model KF (mol1-n·Ln·g-1) n R2

T = 293 K 0.4806 0.6263 0.9629

T = 313 K 1.0403 0.6808 0.9630

T = 333 K 0.2914 0.5067 0.9558

D-R model qmax (mol·g-1) β (mol2·kJ-2) E (kJ·mol-1) R2

T = 293 K 0.0251 5.5520 × 10-3 9.4899 0.9744

T = 313 K 0.0437 5.3642 × 10-3 9.6546 0.9727

T = 333 K 0.0275 3.5286 × 10-3 11.9037 0.9654



917EFFECT OF WATER CHEMISTRIES ON THE UPTAKE OF CO(II) ON GRAPHENE OXIDE 

Nature Environment and Pollution Technology • Vol. 20, No.3, 2021

models as can be seen from Fig. 7 and the R2 values of 
Langmuir, Freundlich, and D-R models (see Table 2). The 
result indicates that the whole surface of GO has identical 
uptake activity and therefore the adsorbed Co(II) ions do not 
interact or compete with each other, and they are adsorbed 
by forming an almost complete monolayer coverage of the 
GO particles, thus, the chemosorption is the principal uptake 
mechanism in uptake process.

The thermodynamic parameters (DG0, ΔS0 and DH0) for 
Co(II) uptake on GO can be determined from the temperature 
dependence. Free energy change (DG0) is calculated from the 
relationship (Sheng et al. 2012, Li et al. 2015):
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The thermodynamic parameters (ΔG0, ΔS0, and ΔH0) for Co(II) uptake on GO can be 

determined from the temperature dependence. Free energy change (ΔG0) is calculated 

from the relationship (Sheng et al. 2012, Li et al. 2015): 
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where K0 is the uptake equilibrium constant. Values of lnK0 
are obtained by plotting lnKd versus Ce for uptake of Co(II) 
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Fig. 7: Fitting results of (A) Linear, (B) Langmuir, (C) Freundlich and (D) D-R   
adsorption isotherms of Co(II) uptake on GO at three different temperatures, pH = 6.0 
± 0.1, m/V = 0.1 g/L, I = 0.1 mol/L NaNO3. 
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on GO (Fig. 8A) and extrapolating Ce to zero are 10.14 (T = 
293 K), 10.31 (T = 313 K) and 10.82 (T = 333 K), respective-
ly. Standard entropy change (DS0) evaluated from the slope 
which linear plot of DG0 versus T is achieved according to 
the equation (Fig. 8B):
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The average standard enthalpy change (ΔH0) is then calculated from the expression: 
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The values obtained from Eqs. (14) to (15) are tabulated in Table 3. A positive value of 

the ΔH0 suggest that the uptake of Co(II) on GO is endothermic. One possible 

explanation for this positive ΔH0 is that Co(II) is solved well in water, and the hydration 

sheath of Co(II) has to be destroyed before its uptake on GO. This dehydration process 

needs energy, and it is favored at high temperatures. The Gibbs free energy change (ΔG0) 

is negative as expected for a spontaneous process under the conditions applied. The 

value of ΔG0 becomes more negative with the increase of temperature, which indicates 

that the reaction is more favorable at higher temperatures. At high temperatures, cations 

are readily desolvated and hence its sorption becomes more favorable. The positive 

value of entropy change (ΔS0) implies some structural changes in Co(II) and GO during 

the uptake process, which leads to an increase in the disorderliness of the GO-solution 

interfacial system during the uptake of Co(II) on GO. The thermodynamic analysis 

derived from temperature-dependent uptake isotherms suggests that the uptake process 
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The average standard enthalpy change (DH0) is then 
calculated from the expression:
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where K0 is the uptake equilibrium constant. Values of lnK0 are obtained by plotting 

lnKd versus Ce for uptake of Co(II) on GO (Fig. 8A) and extrapolating Ce to zero are 

10.14 (T = 293 K), 10.31 (T = 313 K) and 10.82 (T = 333 K), respectively. Standard 

entropy change (ΔS0) evaluated from the slope which linear plot of ΔG0 versus T is 

achieved according to the equation (Fig. 8B): 
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The average standard enthalpy change (ΔH0) is then calculated from the expression: 
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The values obtained from Eqs. (14) to (15) are tabulated in Table 3. A positive value of 

the ΔH0 suggest that the uptake of Co(II) on GO is endothermic. One possible 

explanation for this positive ΔH0 is that Co(II) is solved well in water, and the hydration 

sheath of Co(II) has to be destroyed before its uptake on GO. This dehydration process 

needs energy, and it is favored at high temperatures. The Gibbs free energy change (ΔG0) 

is negative as expected for a spontaneous process under the conditions applied. The 

value of ΔG0 becomes more negative with the increase of temperature, which indicates 

that the reaction is more favorable at higher temperatures. At high temperatures, cations 

are readily desolvated and hence its sorption becomes more favorable. The positive 

value of entropy change (ΔS0) implies some structural changes in Co(II) and GO during 

the uptake process, which leads to an increase in the disorderliness of the GO-solution 

interfacial system during the uptake of Co(II) on GO. The thermodynamic analysis 

derived from temperature-dependent uptake isotherms suggests that the uptake process 

 …(15)                                                      

The values obtained from Eqs. (14) to (15) are tabulated 
in Table 3. A positive value of the DH0 suggest that the uptake 
of Co(II) on GO is endothermic. One possible explanation for 
this positive DH0 is that Co(II) is solved well in water, and 
the hydration sheath of Co(II) has to be destroyed before its 
uptake on GO. This dehydration process needs energy, and it 
is favored at high temperatures. The Gibbs free energy change 
(DG0) is negative as expected for a spontaneous process un-
der the conditions applied. The value of DG0 becomes more 
negative with the increase of temperature, which indicates 
that the reaction is more favorable at higher temperatures. At 
high temperatures, cations are readily desolvated and hence 
its sorption becomes more favorable. The positive value of 
entropy change (DS0) implies some structural changes in 

Co(II) and GO during the uptake process, which leads to an 
increase in the disorderliness of the GO-solution interfacial 
system during the uptake of Co(II) on GO. The thermody-
namic analysis derived from temperature-dependent uptake 
isotherms suggests that the uptake process of Co(II) on GO 
is spontaneous and endothermic.

Regeneration and Reuse

For the environmental sustainability of GO, it is essential to 
describe regeneration aspects of the process to improve its 
cost-effectiveness by recycling the GO for reuse in multiple 
cycles. Fig. 9 displays that the uptake of Co(II) on the GO 
with three different concentrations (i.e., 0.05, 0.1, and 0.2 
g/L) after 6 times of uptake and desorption process at pH = 
6.0 and T = 293 K. As shown in Fig. 9, after six cycles, the 
uptake efficiency decreased from 53% to 49% (GO = 0.05 
g·L-1), 69% to 64% (GO = 0.1 g·L-1), 74% to 69% (GO = 0.2 
g·L-1), respectively. The results suggested that the GO after 
6 times usage could be efficiently regenerated and reused 
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of Co(II) on GO is spontaneous and endothermic. 

 

 

 

Fig. 8: The linear plot of (A) LnKd versus Ce  at three different temperatures and (B) 
ΔG0 versus T for Co(II) uptake on GO, pH = 6.0 ± 0.1, m/V = 0.1 g/L. 

 

Table 3: Values of thermodynamic parameters for Co(II) uptake on GO.

T(K) DG0 (kJ·mol-1) DS0 (J·mol-1·K-1) DH0 (kJ·mol-1)

293 -24.7096 130.9828 13.6683

313 -26.8193 14.1783

333 -29.9489 13.6684
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Fig. 8: The linear plot of (A) LnKd versus Ce  at three different temperatures and (B) 
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Fig. 8: The linear plot of (A) LnKd versus Ce  at three different temperatures and (B) DG0 versus T for Co(II) uptake on GO,  
pH = 6.0 ± 0.1, m/V = 0.1 g/L.
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Fig. 9: Recycling for Co(II) uptake on GO of three different concentrations, T = 293 
K, pH = 6.0 ± 0.1, CCo(II)initial = 10 mg/L, I = 0.1 mol/L NaNO3. 

CONCLUSIONS 

In this study, the batch technique was adopted to investigate the uptake of Co(II) on GO 

as a function of various water chemistries such as contact time, pH, ionic strength, and 

temperature under ambient conditions. From the results of Co(II) uptake on GO under 

our experimental conditions, the following conclusions can be obtained: 

(1) Kinetic studies suggest that Co(II) uptake on GO could be described more favorably 

by the pseudo-second-order kinetic model. 

(2) The uptake of Co(II) on GO is strongly dependent on pH values. The uptake 

increases with pH increasing at pH < 8.0, and then the uptake maintains a high level at 

pH > 8.0. 

Fig. 9: Recycling for Co(II) uptake on GO of three different concentrations, T = 293 K, pH = 6.0 ± 0.1, CCo(II)initial = 10 mg/L, I = 0.1 mol/L NaNO3.
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with a slight decrease in uptake efficiency, which may en-
hance the economy of the adsorption process. The excellent 
repeatability of GO indicated that GO is promising for the 
natural attenuation of Co(II) and related metal ions from an 
aqueous solution.

CONCLUSIONS

In this study, the batch technique was adopted to investigate 
the uptake of Co(II) on GO as a function of various water 
chemistries such as contact time, pH, ionic strength, and 
temperature under ambient conditions. From the results of 
Co(II) uptake on GO under our experimental conditions, the 
following conclusions can be obtained:

 (1) Kinetic studies suggest that Co(II) uptake on GO could 
be described more favorably by the pseudo-second-order 
kinetic model.

 (2) The uptake of Co(II) on GO is strongly dependent on 
pH values. The uptake increases with pH increasing at 
pH < 8.0, and then the uptake maintains a high level at 
pH > 8.0.

 (3) The uptake of Co(II) on GO is independent of ionic 
strength in the wide pH range and thus inner-sphere 
surface complexation is the main mechanism respon-
sible for the uptake of Co(II) on GO.

 (4) The uptake of Co(II) is influenced by HA/FA signif-
icantly, and the effect of HA/FA on Co(II) uptake 
is dependent on pH values. The presence of HA/FA 
enhances the uptake of Ni(II) on GO at low pH, while 
reduces Co(II) uptake on GO at high pH.

 (5) The Langmuir, Freundlich, and D-R isotherm equations 
simulate the experimental data of the uptake isotherms 
of Co(II) on GO more significantly than the Linear 
model, and there is no apparent distinction among the 
fitting curves of the three models of Langmuir, Freun-
dlich, and D-R models.

 (6) The thermodynamic analysis from the temperature-de-
pendent uptake isotherms suggests that the uptake of 
Co(II) on GO is spontaneous and endothermic.
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