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Background: Phenolic compounds are an important group of pollutants in industrial
wastewater, which must be treated before disposal into water resources. The present
study aimed to use synthesized graphene oxide (SGO) to remove bisphenol A (BPA) from
aqueous solutions.

Methods: Graphene oxide was synthesized using Hummers' method, and BPA adsorption
was assessed as a function of solution pH, contact time, adsorbent dosage, and initial BPA
concentration using the batch method. Isotherms and kinetic evaluation of dye
adsorption was performed using the equilibrium data.

Results: Adsorption was rapid and strongly dependent on pH and adsorbent dosage,
reaching the peak at the pH of 7 and adsorbent dosage of 0.8 g/l. BPA removal efficiency
at the initial concentration of 10 mg/l was 98.8 + 0.62%. Analysis of the experimental
isotherm data using the Langmuir-Freundlich and Temkin models indicated that the
removal process followed the Langmuir isotherm, while the adsorption kinetics followed
the pseudo-second-order kinetic model. The maximum adsorption capacity was
calculated by Langmuir fitting and determined to be 58.12 + 1.14 mg/g.

Conclusion: According to the results, SGO could be employed as an effective agent for
the removal of BPA from aqueous solutions.

1. Introduction

activity, interfering with the reproductive system of
animals and humans even at low concentrations [6,7]. BPA

Disposal of wastewater into the environment is a major
source of environmental pollution [1]. There are growing
concerns regarding the widespread contamination of
surface water and groundwater sources by various organic
compounds due to the rapid development of chemical and
petrochemical industries over the past decades [2,3].
Phenolic compounds commonly enter aqueous effluents as
a result of various manufacturing processes, such as oil
refinement, coke plants, adhesives, and polyamide and
phenolic resin plants [4,5]. Bisphenol A (BPA) is a chemical
that disrupts the endocrine function and has estrogenic

is an antioxidant, which is non-biodegradable and highly
resistant to chemical degradation, so that its high
concentrations could be found in surface water and
industrial wastewater [8,9]. BPA is released into the
environment during various manufacturing processes and
through leaching from final products [10,11].

Complete removal of phenolic compounds has not been
achieved through biological processes in conventional
wastewater treatment plants due to their complex
molecular structures and low biodegradability [12,13].
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Therefore, advanced treatments are required for the
effective elimination of phenolic compounds from various
water sources [14].

The treatment of these effluents is essential prior to their
discharge into the environment. Several methods have been
proposed for the removal of phenolic compounds from
effluents, including biological treatment, chemical
oxidation, membrane processes, photochemical processes,
ozonation, adsorption onto activated carbon, chemical
treatment methods, and electrochemical processes (e.g.,
electrocoagulation) [15, 16].

In general, adsorption and advanced chemical oxidation
are used for the advanced removal of phenolic compounds
[17]. In these methods, adsorption is considered superior in
terms of the initial costs, ease of operation, and no
possibility of producing harmful secondary substances
[18,19]. Among these treatment techniques, physical
adsorption is considered to be most efficient in the rapid
removal of BPA from effluents with several advantages over
the other techniques, including relatively lower operating
costs, ease of operation, and production of fewer secondary
products [20,21].

Graphene is a novel, two-dimensional carbon
nanomaterial, which is a fundamental building block for
buckyballs, carbon nanotubes, and graphite. This substance
has attracted the attention of scientists in recent years [22].
Graphene oxide (GO) is a precursor for graphene
preparation, which is obtained through the strong oxidation
of graphite using the modified Hummers' method [23].
Large quantities of oxygen atoms are found on the surface
of the resulting GO in the form of epoxy, hydroxyl, and
carboxyl groups. The presence of these functional groups on
GO makes this substance extremely hydrophilic, providing
the capability to apply GO in aquatic and biological
environments [22,23]

The present study aimed to investigate the capability of
synthesized graphene oxide (SGO) as an adsorbent in the
removal of BPA from wastewater and assess the effects of
the initial BPA concentration, adsorbent dosage, pH, and
contact time on the adsorption process in order to
determine the optimal conditions.

2. Materials and Methods

All the chemicals used in the study were of the analytical
reagent grade and applied without further purification. BPA
was obtained from Merck, Germany and used without
further purification. BPA stock solutions were prepared by
dissolving accurately weighted BPA in distilled water to the
concentration of 1,000 mg/l, and the concentrations of the
experimental solutions were achieved through dilution.

GO was synthesized from graphite powder using the
modified Hummers' method [22]. The GO solution was
centrifuged at 12,000 rpm for 10 minutes, and the residues
were collected for the absorption experiments. In addition,
scanning electron microscopy (SEM) images were obtained
using a field emission scanning electron microscope
(model: JSM-7001F, Japan).

2.1. Batch BPA Adsorption Experiments

The adsorption experiments were performed in the batch
mode by shaking and adding the SGO concentrations to 50
milliliters of the BPA solution. For the kinetic studies, one
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gram of SGO was added to 50 milliliters of the BPA solution
at the concentration of 100 mg/l. Afterwards, adsorption
was carried out in a flask containing the SGO and BPA
solution at room temperature with the initial pH and
constant agitation (100 rpm). The concentration of BPA in
the solution was analyzed at 10-120-minutes intervals after
the separation of the solids by filtration.

For isotherm studies, one gram of the SGO and BPA
solution at the initial concentration of 10-100 mg/l were
combined in a shaker at 100 rpm at the initial temperature
and pH for 90 minutes. The concentration of BPA in the
solution was analyzed after the separation of the solids by
filtration. Moreover, the concentration of BPA in the
residual solutions was analyzed using a UV spectrometer
(model: DR 5000) at the maximum wavelength (A =280 nm),
and the concentration of BPA was analyzed at the maximum
wavelength. All the experiments were performed in
duplicate, and the mean data were reported.

Adsorption capacity was calculated based on the mass
balance of BPA in the solutions and expressed in the
milligram units of BPA per gram of the adsorbent. The
adsorption capacity at the equilibrium was calculated using
equation 1, as follows [24]:

qe = = (1)

m

Where g and Ce are the BPA amount adsorbed per unit
weight of the sorbent (mg/g) and the equilibrium
concentration of BPA in the solution (mg/l), respectively, Co
shows the initial concentration of BPA (mg/l), and V and m
represent the volume of the BPA solution (1) and mass of the
applied adsorbent (g), respectively.

3. Results and Discussion

Figure 1 shows the SEM image of the prepared SGO. As
can be seen, the SGO was partially transparent with some
crumples and had lateral dimensions of several
micrometers, with the small holes caused by overexposure
to sonication. In addition, it suggested that the SGO
nanosheets could be prepared successfully [22].

X 3000  .OBm

SEI 20.00KYV
Figure 1: SEM image of SGO

3.1. Effect of the Contact Time

As was observed in all the initial BPA concentrations, the
adsorption process could be divided into two phases (Figure
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2). The first rapid phase passed within the first 45 minutes,
followed by the second slower phase until reaching the
equilibrium at 90 minutes. The rapid phase was due to the
availability of adequate free active binding sites on the
adsorbent surface [25]. During the second phase, the
number of the free binding sites decreased, and the
competition among the BPA also led to the reduction of the
adsorption rate and effectiveness [18]. In a similar study
conducted by Balarak et al. (2016) [16] regarding the
efficiency of barley husk in the removal of BPA, the
equilibrium time was determined to be 90 minutes.

3.2. Effect of the Adsorbent Dosage

Figure 3 depicts the effect of the adsorbent dosage on the
adsorption of BPA from the aqueous solution onto the SGO.
Accordingly, the increase dosage of the adsorbent was
associated with the higher removal rate, which was
attributed to the increased number of the active sites
available for the binding of BPA at higher SGO dosages.
Furthermore, a reverse trend was observed, in which the
adsorption uptake capacity decreased at higher adsorbent
concentrations [26]. The reduction could be due to the
higher SGO dosage, which provided more active sites and
caused the adsorption sites to remain unsaturated during
the adsorption process [19]. In a study conducted by Gong
et al. (2016) increased adsorbent dosage was reported to
increase the removal efficiency due to the higher number of
the available active sites [15].

3.3. Effect of pH

In the current research, the effect of pH on the adsorption
of BPA onto SGO was assessed with the initial BPA
concentration, SGO dosage, and contact time fixed at
25mg/l, 0.8 ¢g/l, and 90 minutes, respectively. Figure 4
shows the effect of pH on the adsorption of BPA .
According to the findings, the highest adsorption capacity of
the SGO was obtained at the pH of 7 (30.25mg/g). In
addition, the adsorption capacity significantly decreased at
acidic and basic pH values. Similar results have been
proposed in the literature regarding the adsorption of BPA
onto activated carbon [4]. At acidic and basic pH values, H*
and OH- may occupy the adsorption sites of the SGO [4],
while low adsorption capacities at low and high pH values
may occur due to the competitive adsorption between the
H* and OH- ions and BPA molecules [6].
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Figure 2: Effect of Contact Time and Initial BPA Concentration on BPA
Removal Efficiency (pH =7, adsorbent dosage = 0.8 g/1)
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Figure 3: Effect of Adsorbent Dosage on BPA Removal Efficiency (contact
time: 90 min, Cp = 25 mg/l, pH=7)
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Figure 4: Effect of pH on BPA Removal Efficiency (Co= 25 mg/l, contact time:
90 min, adsorbent dosage = 0.8 g/1)

34 Effects of the Initial Concentration of PBA and
Adsorption Kinetics

Adsorption kinetics governs the reaction rate, which
determines the residence time and is an important
characteristic defining the efficiency of an adsorbent. In the
present study, the pseudo-first-order, pseudo-second-
order, and intraparticle diffusion kinetic models were
applied to the experimental data, and their Kkinetic
parameters are presented in table 1.

Based on the Lagergren pseudo-first-order model, the
occupation rate of adsorption sites is proportional to the
number of the unoccupied sites, and the linear form of the
model equation is as follows [24]:

LS, 2)

2.303

Log (qe - qt) =log qe -

Where K; is the Lagergren rate constant of adsorption
(min'), and ge and qt represent the amount of adsorbed
BPA (mg/g) at the equilibrium and time, respectively. In the
current research, the slope and intercept of the plots of log
(ge-qr) versus t were used to determine the pseudo-first-
order rate constant K; and the equilibrium adsorption
capacity qge for BPA.

The pseudo-second-order model is based on the
assumption that adsorption follows a second-order
mechanism. Therefore, the occupation rate of the
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adsorption sites is proportional to the square of the number
of the unoccupied sites. The linear form of the pseudo-
second-order equation was expressed, as follows [25]:

t 1 1
— = +—t 3
ar  KQe® Qe (3)

Where K; (g/mg.min) is the equilibrium constant of the
pseudo-second-order adsorption. The applicability of the
pseudo-second-order model was evaluated using the linear
plot of t/q: versus t (Figure 5), with the slope of 1/qe, and the
K, value was calculated based on the plot intercept. In
addition, the diffusion mechanism was determined using
the intraparticle diffusion model due to the fact that the BPA
ions were transported from the aqueous phase to the
surface of the adsorbent, thereby diffusing into the interior
of the particles if they were porous. The intraparticle
diffusion equation was as follows [26]:

qe = kqt®* +C (4)

Where C is the intercept, and Kq (mg/gmin'/2) denotes the
intraparticle diffusion rate constant. Intraparticle diffusion
is the sole rate determining the whether the plot of qt
versus t'/2is linear and passes through the origin. The values
of qr and C were obtained based on the slope and intercept
of the plot (Table 1).

based on the slope and intercept of the plot (Table 1).

Comparison of the correlation-coefficient results (Table
1) indicated that both the pseudo-first-order and pseudo-
second-order models provided good fits to the
experimental data on BPA. However, the R? values
presented by the pseudo-second-order model were
superior to the pseudo-first-order model, which indicated
the greater conformity of the adsorption process to the
former. Furthermore, the calculated qe values (qe cal), which
were obtained from the pseudo-first-order model,
demonstrated showed great discrepancy with the
experimental ge value (ge exp) for the adsorption of BPA
unlike the pseudo-second-order model.

In the investigation of the diffusion mechanism, the R?
values obtained from the intraparticle diffusion model
exhibited proper correlation, which indicated the presence
of the intraparticle diffusion mechanism in the adsorption
of BPA onto the SGO although it was not the sole rate
determining step due to the occurrence of the intercept.
Moreover, the plot intercept reflected the boundary layer
effect, and larger intercept was associated with the greater
contribution of the surface sorption to the rate determining
step.

3.5. Adsorption Isotherm Models

The adsorption isotherm was conducted at the
equilibrium for the removal of BPA from an aqueous
solution in order to obtain a correlation between the
quantity of the BPA adsorbed onto the GO, retaining in the
aqueous solution. In this regard, the experimental data of
the present study were fitted to three different isotherm
models.

The Langmuir adsorption model is based on monolayer
adsorption, where adsorption exclusively occurs at definite
sites that are fixed in terms of the number and equivalence
and are identical. The Langmuir equilibrium adsorption
equation is as follows [27]:

Journal of Human, Environment, and Health Promotion. 2019; 5(3): 98-103

Balarak D, et al.

— 9max b Ce (5)

e 1+bC,

Where e is the equilibrium adsorption capacity of the
adsorbent (mg/g), qmax denotes the maximum adsorption
capacity (mg/g), Ce shows the equilibrium concentration
(mg/1), and b is the Langmuir constant (I/mg) representing
the degree of the adsorption affinity of the adsorbate. As
such, higher b value is associated with the stronger affinity
of the ion toward the adsorbent.

equation 6 could be used as a linear form, as follows [25]:

Ceo L ¢ L (6)

et
de  9max b gmax

Where Ry is a dimensionless constant known as the
separation factor or equilibrium parameter and
represented, as follows [28]:

1
Ry = 1+bC, (7)

This parameter determined whether the isotherm is
favorable (R; < 1), unfavorable (R; >1), irreversible (R = 0)
or linear (R =1).

The Freundlich model is the first expression to describe
multilayer adsorption, and the Freundlich isotherm is an
empirical equation employed to describe heterogeneous
systems and is expressed, as follows [29]:

qe = Kt Cel/n

n>1 (8)
The linearized Freundlich isotherm equation could also be
expressed, as follows [14]:

Inge = lnl(f+%lnCe 9)

Where n and Kr are the Freundlich constants for the
intensity and capacity of adsorption, respectively. Based on
the slope and intercept of the linear plot for the
experimental data In ge versus In Ce, the n and Kr values
could can be calculated. In this equation, (1/n) is the slope,
and In K¢ is the intercept. In addition, the slope with the
range of zero and unity is an indication of the heterogeneity
of the surface and intensity of adsorption as the slope is
extremely low (near zero), while a slope near unity refers to
the chemisorption process, where 1/n is higher than unity,
implying cooperative adsorption [21].

The Temkin model assumes the uniform distribution of
the surface binding energy, and for all the molecules, the
adsorption heat decreases linearly with the increased
adsorbent surface coverage. This model could be expressed,
as follows[19]:

RT
Je = br In ACe (10)

Where Ar is the binding constant of the equilibrium (1/g)
identical to the extreme binding energy, br is the Temkin
isotherm constant regarding the adsorption heat (J/mol), R
shows the universal gas constant (8.314 J/mol K), and T
represents the absolute temperature (K). Therefore,
equation 11 could be proposed in the linear form, as follows
[30]:
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Table 1: Kinetic parameters for the adsorption of BPA onto SGO at various concentration

G Qe exp (ME(E) Pseudo-first order Pseudo-second order Intraparticle diffusion
(mg/L) Ky qe (mg/g) R? K, qe(mg/g) R’ Kp C R?
10 12.47 0.0591 6.418 0.842 0.0087 11.44 0.996 0.278 2.761 0912
25 31.03 0.0472 14.96 0.859 0.0065 27.36 0.998 0.341 3.925 0.881
50 58.86 0.0419 25.34 0.882 0.0051 52.73 0.999 0.409 5.411 0.873
100 105.68 0.0283 57.91 0.893 0.0047 102.82 0.997 0.457 6.842 0.854

Table 2: Isotherms constants for the removal BPA onto SGO

Langmuir model Freundlich model Temkin model
(Jm Ry b R? n K R? AT bT R2
58.12 0.272 0.518 0.996 4.11 0.921 0.886 0.849 24.61 0.862
0.35 ~
2 A ©®10 mg/L @25 mg/L 50 mg/L @100 mg/L
1.75 - 0.3 4
1.5 0.25 A
1.25 - )
0.2 4
5 > °
> 14 S
0.15 +
0.75 A
05 - 0.1
0.25 - 0.05 -
0 - T T T T ] 0 ; ; )
0 25 50 75 100 125 150 0 5 10 15
Time(min) Ce (mg/L)

Figure 5: Pseudo-second-order Kinetic Plots for BPA Adsorption onto SGO

RT RT
qe=E1nAT+ b—TlnCe (11)

Where Ar and br show the isotherm constants, which
could be evaluated from the plot of qe versus In Ce.

The experimental data were fitted to three linearized
isotherm models (Langmuir, Freundlich, and Temkin). For
these models, the obtained parameters and the regression
correlation coefficient (R2) are listed in table 2. It is clear
from table 2 that Langmuir isotherm model plot (Figure 6)
has the best fitting for the adsorption of BPA on SGO (R? =
0.996). Therefore, the adsorption process can be described
by the formation of monolayer coverage of the adsorbate on
the homogeneous adsorbent surface. The calculated
maximum adsorption capacity (qmax) of SGO was found to
be closer to the experimental value (58.12 mg/g).

4. Conclusion

This study aimed to investigate the adsorption efficiency
of SGO in the removal of BPA from aqueous solutions
through the batch process. According to the results, the
removal of BPA by the SGO depended on the contact time
and adsorbent dosage. On the other hand, the adsorption
process was observed to be rapid, and the equilibrium was
achieved within 90 minutes. In addition, increased
adsorbent dosage was associated with the higher removal
efficiency of BPA by the adsorbent. The applicability of the
pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models was also investigated, and the
experimental data were better correlated with the pseudo-
second-order model compared to the other models.

102

Figure 6: Langmuir Plots for Adsorption of BPA onto SGO
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