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a b s t r a c t
Sulfur compounds exist in the wastewater of industries like paper-making, food processing, photogra-
phy, etc. Higher levels of sulfate in drinking water lead to its bitter taste and digestive problems as well 
as corrosion of sewer pipes in addition to causing problems in the anaerobic wastewater treatment 
processes. Based on this, the present study investigates the equilibrium, kinetics, thermodynamics 
and isotherms of sulfate removal process by graphene and graphite nanoparticles. This study explored 
the effects of the parameters including pH, adsorbent dosage, and initial concentration of sulfate, as 
well as the impacts of contact time and temperature on sulfate removal process in a batch system. 
The isotherms, thermodynamics and kinetics of the process were also studied. In this study, UV/VIS 
Spectrometer T80 was used to measure the sulfate concentration. The results obtained from the investi-
gation of the efficiency of graphite and graphene nanoparticles demonstrated that these nanoparticles 
had the highest adsorption capacity at the acidic pH = 3, adsorbent dose of 0.2 g L–1 and sulfate con-
centration of 75 mg L–1. The process of adsorption in graphene and graphite nanoparticles was found 
to follow the Freundlich isotherm model and pseudo-second-order kinetic model. The results also 
revealed that sulfate adsorption process with the studied nanoparticles was endothermic. Compared 
with graphene nanoparticles, the results indicate that graphite nanoparticles have more efficiency in 
removal of sulfate from aqueous solution. Moreover, the highest removal efficiency by graphene and 
graphite nanoparticles occurs in higher concentrations of sulfate. Therefore, the two nanoadsorbents 
can be used in adsorbing sulfate from the aqueous solutions.
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1. Introduction

Sulfate is one of the common pollutants which can be 
found both in natural water and wastewater [1–3]. Besides 
being available as insoluble salts, it also exists in the form 
of soluble compounds in the seas and oceans. Industrial 
wastewater is responsible for much of the sulfate emissions 
to the environment [2]. Decomposition of sulfate miner-
als and of plant and animal remains is the most important 

natural sources of sulfate emissions [4–6]. Household waste-
waters usually have a sulfate concentration ranging from 
20 to 500 mg L–1 [7], while industrial wastewaters may con-
tain several thousand milligrams per liter of this pollutant 
[1,5,8,9]. Sulfur compounds also exist in the wastewater of 
other industries such as paper making industry, food pro-
cessing, photography, etc. The damage caused by the release 
of sulfate is not direct because it is a neutral, non-volatile 
and non-toxic compound [2]. However, high concentrations 
of sulfate can cause imbalance in the natural cycle of sulfur 
[1,7]. Accumulation of sulfate-rich sediments in lakes, seas 
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and rivers can result in toxic sulfide emissions in the environ-
ment [10]. High levels of sulfate in drinking water can make 
the taste of water bitter and cause gastrointestinal problems 
[5]. It can also lead to corrosion in sewer pipes and cause 
problems in anaerobic wastewater treatment processes [9,11]. 
According to the WHO, the normal level of sulfate in drink-
ing water is 250 mg L–1 [12]. Although the health effects of 
sulfate last for a relatively short time, these effects are acute 
and sulfate concentrations should be reduced to the recom-
mended dose [13]. Several methods have been suggested to 
remove sulfate from the aqueous solutions including reverse 
osmosis, electrodialysis or nanofiltration most of which are 
highly expensive and associated with high operating costs, 
increased sodium salts, the need for final treatment and dis-
posal of wastewater sludge, etc. [9,11,14,15]. Ion exchange, 
biological purification, adsorption and chemical precipi-
tation processes are also among the processes used for the 
treatment of sulfate-rich wastewater [2]. Adsorption by nano-
materials was the method employed in this study.

Adsorbents are widely used in water treatment and 
removal of inorganic and organic pollutants from contami-
nated water and this is more effective in removing contam-
inants from water than the other methods. Also, adsorption 
is considered a fast and inexpensive purification method 
[15–20]. Among adsorbents, carbon is convenient and varied 
element that in different patterns on the nanoscale can be 
used to remove contaminants.

Nanoparticles have two important features that make 
them suitable as adsorbents. First, they have significantly 
wider surface areas than other particles. Furthermore, they 
can be combined with different chemical groups to increase 
their tendency to remove the target compounds [21,22].

Adsorbents that are used in this study are graphene and 
graphite nanoparticles. Graphene due to extraordinary prop-
erties of electrical conductivity and thermal conductivity, 
high density, mobility of charge carriers, optical conductivity 
and mechanical properties of the material become more suit-
able for environmental uses. The length of carbon–carbon 
bonds in graphene particles was about 0.142 nm. The under-
lying structure for the production of carbon nanostructures, 
single-layer graphene is that if place on each other make up 
pile three-dimensional graphite [23–25]. Graphite nanopar-
ticles belong to the large family of promising nanoscale car-
bon materials with carbon honeycomb net. Graphite material 
with high conductivity, good chemical resistance in ambient 
temperature provides good resistance to acid and alkali 
solution. Graphite nanoparticles, due to the nanostructure, 
have the character of good electrical properties, enough spe-
cific surface, large surface energy, apart from the general 
character of the graphite. Graphite nanoparticles is cheaper 
and easier to produce and can be easily constructed with 
large quantities than single-walled carbon nanotubes and 
graphene oxide [26].

Moreover, as one of the major problems of the water in 
southern Khorasan Province of Iran is the high level of sul-
fate that runs the risk of gastrointestinal disorders and since 
sulfate transferred to wastewater causes an offensive odor in 
Birjand municipal wastewater treatment plant, the present 
study tried to investigate sulfate removal at a pilot scale in the 
batch system using the given nanomaterials. Although many 
studies have been performed on the removal of sulfate, no 

published study has yet explored the application of graphene 
and graphite nanoparticles for removing sulfate.

2. Materials and methods

This experimental research was an applied investigation 
which was conducted on a batch scale. Adsorbents used in 
this study included graphene and graphite nanoparticles 
which were purchased from the Iranian Research Institute of 
Petroleum Industry (Iran) which produced by chemical vapor 
deposition (CVD) technique. Other chemical compounds 
used were purchased from Merck company (USA) with lab-
oratory grade. To make stock solution, sodium sulfate was 
used. Additionally, sodium hydroxide and hydrochloride 
acid were utilized to adjust pH. Sulfate stock solution with 
500 mg L–1 of concentration was made by solving a certain 
amount of sodium sulfate (as per its molecular weight and 
purity percentage) in double-distilled water. In this study, 
various parameters such as initial concentration of sulfate, 
adsorbent dose, contact time and pH were investigated. The 
Erlenmeyer flasks as reactor which contained different doses 
of graphene and graphite nanoparticles (0.2, 0.4, 0.6, 0.8 and 
1 g L–1) and 50 mL sulfate solution with different concentra-
tions (25, 35, 50, 75 and 100 mg L–1) were placed on the shaker 
at each stages. The pH ranged from 3, 5, 7, 9 to 11 and the 
mixture speed, with a time scale varying from 5, 10, 20, 30 
to 40 min, was 250 rpm. Following this stage, the samples 
were filtered and the sulfate concentration was measured 
using the spectrophotometer (T80 UV–VIS Spectrometer) at 
a wavelength of 420 nm based on the procedure set out in the 
book of standard method. The experiments were repeated 
twice and the results offered demonstrated the mean for the 
obtained data. The sulfate adsorption capacity by graphite 
and graphene nanoparticles were calculated by the following 
formula:

q
C C
M

Ve
e=

−
×

( )0  (1)

where C0 and Ce are the initial and final concentration of sul-
fate (mg L–1), respectively, M is the weight of adsorbent (g) 
and V is the volume of solution (L).

3. Results and discussion

3.1. Characteristics of the adsorbents

Scanning electron microscopy (SEM) has been performed 
to investigate the morphologies of graphite and graphene 
nanosheets. SEM analysis of Fig. 1(a) revealed that the 
graphene nanosheets are stacks of multi-layered graphene 
sheets having a platelet morphology which have large, trans-
parent graphene sheets with few layers [27]. Fig. 1(b) shows 
the SEM image for graphite nanosheets. According to this 
 figure, these nanoparticles consist of irregular morphology 
with the size of a few micrometers [28,29].

According to information of nanoparticles producer 
company, nanographene has less than 32 layers for which 
the thicknesses of the layers are in the ranges of 2–18 nm. 
Also the nanographite particles are very intact with the 
matrix material for which the thickness of the layers is about 
5–20 nm.
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The XRD patterns of graphite and nanographene are 
shown in Fig. 2. As can it be seen, the XRD pattern of the 
graphite (Fig. 2(a)) sample clearly displays a high degree 
of crystallinity, with a strong and sharp diffraction peak at 
around 26° which can be indexed to the reflection (002) of the 
graphite. In addition, a slight diffraction peak appears at 54° 
corresponding to the (004) plane of the graphite [28].

The XRD patterns of nanographite in Fig. 2(b) shows that 
the distinguishable (002) peak of graphite at 26.56° has an 
interlayer distance of 0.334 nm (002). This implies that nano-
graphite is a highly oriented carbon material [30].

3.2. Determining the effects of pH on sulfate adsorption by 
 graphite and graphene nanoparticles

The results obtained from the investigation of the impact 
of pH on graphite and graphene nanoparticles are shown in 
Fig. 3.

The pH factors play an important role in the adsorption 
process through their influence on adsorption load, ioniza-
tion of solution components and separation of functional 
groups of the material on the surface of active zones of the 
adsorbent [31]. As is evident in Fig. 3, the highest adsorption 
capacity for graphite and graphene nanoparticles occurred at 
pH = 3 which are 4.53 and 3.67 mg g–1, respectively. Namely, 
with an increase in pH, sulfate adsorption decreased in both 
nanoparticles. This was due to the adsorbents surface charge 

and sulfate anion loading. By reducing pH, the positive 
charges around the adsorbents are increased which leads to 
increased adsorption of sulfate on the surface of adsorbents 
[32].The results of this study correspond with the results of 
a study by Boukhalfa et al. [3]. The findings of another study 
performed by Shams et al. [33] showed a better performance 
of acidic pH in sulfate removal. Lyang et al. [34] showed that 
the optimized pH for sulfate removal was 4.5.

3.3. The effect of the initial concentration of sulfate on its  adsorption 
by graphene and graphite nanoparticles at different times

The results of the investigation related to the initial con-
centration of sulfate adsorption by graphene and graphite 
nanoparticles at various time scales are given in Figs. 4 and 5.

(a)

(b)

Fig. 1. SEM images of (a) graphene and (b) graphite nanoparticles.

(a)

(b)

Fig. 2. XRD pattern of (a) nanographene and (b) nanographite.
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Fig. 3. Effect of pH on the adsorption of sulfate by graphite and 
graphene nanoparticles.
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Figs. 4 and 5 show the adsorption capacity of different 
concentrations of sulfate at different times by graphene and 
graphite nanoparticles. Based on Fig. 5, the highest sulfate 
adsorption capacity occurred at 75 mg L–1 of concentration 
within 20 min which amounted to 20.83 mg g–1 and following 
which the adsorption level reached a partial equilibrium. In 
this figure, the sulfate adsorption capacities at concentrations 
of 25, 35, 50 and 75 mg L–1 after 20 min were 8.57, 9.92, 10.48 
and 20.83 mg g–1, respectively. As it can be seen, the adsorp-
tion capacity in this figure has increased up to 20 min in all 
the concentrations.

In Fig. 5, the highest adsorption rate was seen at a con-
centration of 75 mg L–1 (i.e., 4.41 mg g–1) at 30 min of time 
following which adsorption reached equilibrium. The sul-
fate adsorption capacities in Fig. 5 at concentrations of 25, 
35, 50 and 75 mg L–1 after 30 min were 2.29, 2.68, 3.89 and 
4.41 mg g–1, respectively. In this figure, the sulfate adsorption 
capacity has had an increasing trend for 30 min at all concen-
trations and then it achieved equilibrium.

As can be seen, increasing concentrations of sulfate 
leads to its enhanced adsorption by graphene and graphite 
nanoparticles. This might be because of the existence of free 
adsorbent bands and ion exchange bands at low concentra-
tions of sulfate [35]. As it is evident, enhanced contact time 
increases the adsorption rate which can be due to frequent 
contact between the adsorbent and pollutants [36–38]. The 
equilibrium in adsorption capacity may also be due to the 
occupation of the adsorption free surface. The result drawn 
from the two figures is that the graphite nanoparticles have a 
higher ability in sulfate adsorption compared with graphene 

nanoparticles. The results of a study performed by Wang et al. 
[39] showed that the removal of folic acid by modified zeolite 
was increased with enhanced concentration until it reached 
equilibrium within 120 min. In an investigation conducted 
by Khalatbari and Bazgir [40], sulfate adsorption reached 
equilibrium in 90 min and adsorption level was shown to 
increase with enhanced sulfate. The results of the study con-
ducted by Shams et al. [33] showed that increasing contact 
time increases sulfate removal and that maximum removal 
occurs during the initial primary stages of the experiment.

3.4. The effect of graphene and graphite nanoparticles 
dosage on sulfate adsorption

Fig. 6 shows the amounts of sulfate adsorption in 
graphene and graphite nanoparticles adsorbents with 
dosages of 0.2, 0.4, 0.6, 0.8 and 1 g L–1. According to this 
 figure, the adsorption capacities of graphene and graphite 
nanoparticles at dosage of 0.2 g L–1 and retention time of 
30 min and sulfate concentration of 75 mg L–1 were 16.54 and  
18.38 mg g–1, respectively. As a result, in the given 
 adsorbents, the adsorption capacities reduced as adsorbent 
dosage increased but sulfate removal efficiencies increased 
with increasing adsorbent masses. Increased sulfate adsorp-
tion due to the increase in the mass of adsorbent results from 
the increase in the effective and active surface for adsorp-
tion. Although increase in adsorbent dosage leads to higher 
removal of sulfate, due to incomplete saturation of adsorbent 
surface and lack of its use, the adsorption capacity decreases 
per mass unit [41,42]. Such a finding has also been confirmed 
in studies performed by Dehghani et al. [43] concerning the 
removal of RB29 using carbon nanotubes.

3.5. Investigating isotherm models of adsorption

In this section, the results of two most widely used iso-
therm models, that is, Freundlich and Langmuir are given in 
Figs. 7 and 8 and a summary of the results are presented in 
Table 1.

Adsorption isotherms are used to define the behavior 
of the adsorbate concentration on the adsorbent. Isotherm 
indicates how pollutants react with the adsorbent. The type 
of isotherm can provide information such as the nature of 
adsorbate and adsorbent surface. Furthermore, it is useful in 
describing the adsorption capacity and analyzing and design-
ing the adsorption systems [44]. Langmuir and Freundlich 
are among the most commonly used models of isotherm 
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[45,46]. In this study, the two given isotherms were used to 
analyze adsorption data. An investigation of Langmuir and 
Freundlich isotherms indicated that both follow Freundlich 
isotherm model as regards the highest coefficient correlation 
of these two adsorbents. Freundlich equation is expressed 
in terms of physical adsorption between pollutants and 
adsorbents, and assumes that adsorption taking place is 
multi-layered. It cannot predict the maximum adsorption 
of pollutants on the sorbent surface [47,48]. A study by  
Cao et al. [49] showed that sulfate removal by rice straws 
 follows the Langmuir isotherm model.

3.6. Effect of temperature on adsorption process and determination 
of thermodynamic parameters

The thermodynamic parameters include enthalpy 
changes (ΔH°), entropy changes (ΔS°) and Gibbs free energy 
changes (ΔG°). These parameters needed to be determined 
to show the spontaneous nature of the adsorption process. 

The spontaneous process occurs when ΔG° is negative 
[20,50]. In this study, the thermodynamic parameters were 
considered at different temperatures (293, 303 and 313 K) and 
all the thermodynamic parameters were calculated using the 
following formula [20]:

K
C
Cc
e

= Ad  (2)

∆G RT Kc° = − Ln  (3)

LnK S
R

H
RTc =

°
−

°∆ ∆  (4)

Fig. 9 and Table 2 show the results of the effects of tem-
perature on sulfate adsorption process by graphite and 
graphene nanoparticles.

According to Table 2 which shows positive ΔH° val-
ues for graphene and graphite nanoparticles (18.55 and 
21.10 kJ mol–1, respectively), the process of sulfate adsorption 
by graphite and graphene nanoparticles was endothermic. A 
study by Runtti et al. [51] on sulphate removal also revealed 
the endothermic process of removal. In another study con-
ducted by Ganesan et al. [18] on the adsorption of nitrate ions 
on graphene represents the adsorption process was endo-
thermic. Also, the ΔG° parameter is positive and decreases 
along with increasing temperature. Therefore, this adsorp-
tion process is not spontaneous, and external energy would 
be required to promote the adsorption process.

In the present study, the entropy (ΔS°) values were pos-
itive for graphene and graphite nanoparticles (57.60 and 
69.59 J mol–1 K–1, respectively) as well. In other words, the 
positive entropy represents an increase in the removal effi-
ciency with increase in temperature [51].
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Table 1
Results of isotherms (Langmuir and Freundlich)

FreundlichLangmuirNanoparticles
R2nkfR2qm (mg g–1)KL (L mg–1)

0.971.591.640.9545.0630.51Graphite
0.991.530.760.9826.838.48Graphene

y = -2230.x + 6.927
R² = 0.995

y = -2537.x + 8.370
R² = 0.999
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Fig. 9. Effect of temperature on adsorption of sulfate by graphite 
and graphene nanoparticles.
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3.7. Kinetic study of adsorption

The results of the kinetic study of sulfate adsorption 
by graphite and graphene nanoparticles are shown in  
Figs. 10–13 and Table 3.

Kinetic studies are among important investigations on 
adsorption in which the effect of contact time on the adsorption 
capacity is considered [52,53]. Furthermore, the kinetic studies 
of adsorption are useful for the prediction of  adsorption rate 
which provides useful information for modeling and design-
ing the process. As regards, the results of kinetic investigations 
of sulfate adsorption by graphene and graphite nanoparticles 
that are shown in Table 3 for  sulfate concentrations of 25, 35, 
50 and 75 mg L–1, the pseudo-second- order kinetic model is 
selected for both graphene and graphite nanoparticles in all 
concentrations. According to these results, the equilibrium 
capacity of adsorption increases as the concentration of the 

pollutant increases, and adsorption has a higher efficiency at 
higher concentrations. The result of this study confirms the 
findings of a study conducted by Runtti et al. [54] concern-
ing the utilization of barium- modified analcime in sulphate 
removal. Results of another study conducted by Ganesan et al. 
[19] corresponded to with the results of our study.

4. Conclusion

In this study, removal of sulfate ions from aqueous solu-
tions by graphene and graphite nanoparticles was studied. 
The results demonstrated that these nanoparticles had the 
highest adsorption capacity at the acidic pH, adsorbent 
dose of 0.2 g L–1 and sulfate concentration of 75 mg L–1. 
The process of adsorption in both nanoparticles was found 
to follow the both Freundlich and Langmuir isotherms 
and pseudo-second-order kinetic model. The findings also 

Table 2
Effect of temperature on adsorption process and thermodynamic parameters

Nanoparticles T (K) qe (mg g–1) Thermodynamics parameters
ΔG (kJ mol–1) ΔH (kJ mol–1) ΔS (J mol–1 K–1)

Graphene 293 37.9 1.64 18.54 57.60
303 46.25 1.14
313 58.3 0.49

Graphite 293 53.19 0.72 21.10 69.59
303 68.4 0.00
313 84.4 –0.67
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Fig. 10. Pseudo-first-order kinetic plot for sulfate adsorption by 
graphite nanoparticles.
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revealed that sulfate adsorption process was endothermic. 
The results indicated that graphite nanoparticles have more 
efficiency in removing sulfate than graphene nanoparticles.
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