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ion removal In addition, adsorption isotherms and thermodynamic studies are discussed to comprehend
the adsorption process as well. From the adsorption isotherms, the maximum adsorption ca-
pacities of Pb(II) ions on GO and rGO calculated from the Langmuir (117.6 mg/g) and Dubi-
nin-Radushkevich isotherms (138.5 mg/g), respectively, higher than reported studies in the
literature. By thermodynamic investigation, it was found that the adsorption of Pb(II) ions on
GO and rGO was spontaneous and exothermic. This study will be established as a basis for
future studies and will be especially valuable in understanding the potential of graphene-based
materials, which are rising stars that can be considered as promising and effective adsorbents
in the removal of heavy metal ions from large volumes of aqueous solutions.
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INTRODUCTION Pb(II) ions, which threatens human health such as neurolog-

ical disorders, kidney damage, anemia, and can even lead to
Water is an indispensable part of the life cycle so that must  death, is also very harmful for the environment and ecosys-
need to be protected and conserved. Lead (Pb) ion is one of  tem [2, 3]. According to the United States Environmental
the most toxic heavy metals that pollutes water through the  Protection Agency (EPA), the allowable concentrations of
manufacture of paints, mining, fuels, storage batteries etc. [1].  lead in drinking water has been reported as 15 ppb [4].
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Graphene is an extraordinary material. It has a two-dimen-
sional layer of carbon atoms arranged in a hexagonal crys-
tal structure. Graphene and graphene-based materials have
managed to attract the attention of researchers thanks to
its magnificent properties such as high surface area, elec-
tron and thermal mobility, and mechanical strength [4].
Graphene oxide (GO) and reduced graphene oxide (rGO)
and graphene-based composites, have recently attracted
utmost attention in adsorption studies of in the removal
of dye [5], heavy metal and radionuclide pollutants [6-8].
GO can be synthesized using various approaches such as
Brodie [9], Staudenmaier, Hummers [10] by exfoliating
the graphite via high oxidizing reagents. These procedures
produce the toxic gases such as NO,, N,O, and also being
explosive. In addition to these methods, in 2010 Tour's et
al. [11] reported an improve method of GO, in which the
amount of KMnO, was doubled, included H3PO4 as well as
H2S04. The biggest advantage of the Tour method is that it
does not use NaNO,, which causes to the formation of toxic
substances. GO has various oxygen-containing functional
groups such as epoxy, hydroxyl and carboxyl in its bas-
al plane and at its edges. These oxygen-containing groups
combine metal ions and organic pollutants by coordina-
tion, electrostatic interaction, hydrogen bonding and this
allows their use in pollution control [7].

It has been reported that most of the previous studies on the
adsorption of heavy metals, GO synthesized by Hummer’s
method which produced toxic gases during the synthesis,
and rGO synthesized with toxic reducing agent such as
hydrazine and its derivatives [12, 13]. Although hydrazine
is considered a good chemical reagent for rGO, in recent
studies vitamin C (ascorbic acid) is considered to be an en-
vironmentally friendly and inexpensive reducing agent that
can be used instead of hydrazine [14]. Also, the reduction
performed by ascorbic acid is highly efficient and provides
an advantage for large-scale production. Another advan-
tage of using ascorbic acid is that the risk of incorporating
heteroatoms into the structure is minimized, since it con-
sists only of carbon, hydrogen and oxygen [14-16].

Researchers have reported extensive studies for the remov-
al of Pb(II) ions from aquatic environments and various
methods such as ion exchange, membrane filtration, elec-
trodeposition, and coagulation have been studied [17, 18]
Adsorption is one of the most preferred methods among
them thanks to its simple operation, low cost and applicable
in large scale [19, 20]. Various type of adsorbents has been
used to remove Pb(II) ions from aquatic environments such
as zeolites [21], activated carbon [22], carbon aerogel [23],
manganese oxide-coated carbon nanotubes [24], chitosan/
magnetite composite beads [25], olive cake [26] etc.

Nowadays, cheap, effective and at the same time environ-
mentally friendly adsorbent materials are needed to remove
pollutants from aqueous solutions. Here, for the first time

our knowledge, GO was obtained by Tour method which
is environmentally friendly method, and rGO was syn-
thesized with non-toxic natural reducing agent L-ascorbic
acid, and used as adsorbent materials to remove Pb(II) ions
from the aquatic environment and their adsorption behav-
ior was investigated. With this study, it was possible to ob-
tain a green and economical adsorbent for the removal of
Pb(II) ions from water. Characterizations of the resulting
products were done by XRD, SEM-EDS, FT-IR and Raman
spectroscopy. Adsorption experiments were investigated
in detail under variable operating conditions such as pH,
contact time, initial Pb(II) concentration and temperature
of Pb(II) solutions. The obtained results were studied by
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich
isotherm models. In addition, thermodynamic studies (en-
thalpy, entropy and Gibbs free energy) were calculated by
experimental data for the both materials.

MATERIALS AND METHODS

Materials

Synthetic graphite powder (<20 um) was purchased from
Sigma Aldrich. All chemical reagents, 95-98% sulfuric
acid (H,SO,), 85% phosphoric acid (H,PO,), potassium
permanganate (KMnO,), 30% hydrogen peroxide (H,0,),
37% hydrochloric acid (HCI), Nitric acid (HNO,), ammo-
nia solution, L-ascorbic acid (L-AA), lead(II) nitrate (Pb(-
NO,),), sodium hydroxide (NaOH), absolute ethanol, were
analytical grade and purchased from Merck.

Preparation of Adsorbents

The GO was synthesized by chemical oxidation of graph-
ite powder using Tour’ method [11]. Briefly, 9:1 mixture of
concentrated H,SO, and H,PO, (360:40 mL) were prepared
and stirred for 15 minutes before adding graphite powder
(3.0 g) with ice bath. After that, KMnO4 (18.0 g) were grad-
ually added into the mixture under the continuous stirring.
Then the mixture was heated at 50 °C and stirred for 12 h.
After the reaction was cooled to room temperature and the
mixture was poured onto ice (400 mL). Then, 30% H,O,
(3 mL) was added until the color of the reaction mixture
turned to bright yellow. The brilliant yellow mixture was
then repeatedly centrifuged at 4000 rpm and washed with
HCI, deionized water, and ethanol. The final product of GO
was dried an oven at 70 °C.

The as-dried GO sheet (0.45 g) was added into 500 mL de-
ionized water and ultrasonicated for 1.0 h to homogenize
the dispersion. As a reducing agent, L-ascorbic acid (4.5 g)
was added to this solution and stirred with a magnetic stir-
rer for 1.0 h at room temperature. Afterward, pH of the sus-
pension was adjusted to 9.5 using ammonia solution (25%
w/w) to provide colloidal stability of GO sheet through
electrostatic repulsion in alkaline conditions [27]. Then
the mixture was heated at 70 °C under magnetic stirring
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Figure 2. Photographs and schematic diagram of a batch adsorption process.

and kept for 3 h to obtain rGO. The reduced product was
repeatedly centrifuged at 4000 rpm for 30 min to remove
the supernatant and washed by deionized water to remove
residual L-AA. Finally, rGO was dried an oven at 70 °C.
Preparation steps of GO and rGO are shown in Figure 1.

Batch Experiment

In this study, initial pH of the solution, initial concentra-
tion, contact time and temperature were investigated for
the removal of Pb(II) ions by using GO and rGO as adsor-
bents during the batch adsorption experiment. Generally,
the pH of 10 mL solution of known lead concentration
was adjusted by adding dropwise with negligible amount
of 0.1M NaOH and/or HCI. Then, adsorbent (0.01 g) was
added into the solution and transferred into the electronic
shaker bath. After achieving the adsorption equilibrium for

a certain period of time, the solid parts were removed from
the liquid part immediately by the aid of a filter.

Figure 2 shows the scheme of batch experimental stage. Af-
ter adding GO to Pb(II) solutions, GO is dispersed in the
solution due to the hydrophilic nature of GO although rGO
does not disperse because it is hydrophobic. After the filtra-
tion, a clear and transparent solution was observed for both
and the remaining Pb(II) ion concentration was measured
by ICP-OES.

The adsorption capacities and removal percentage rate were
calculated as follows:

(1)

)

Ci'Ce
removal percentage rate(%) = C
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where C, and C_ in mg/L represent the initial and equilibri-
um Pb(II) concentration, respectively; V (L) is the volume
of the solution in the adsorption study; and m (g) is the
mass of adsorbent used.

Analysis Methods

X-ray diffraction (XRD) analysis was carried out on an
X-ray diffractometer (Malvern Panalytical Empyrean) with
Cu Ka radiation (A=1.5406) at 45kV and 40 mA with a
step size of 0.01 and recorded in the 20 range of 5-60°. The
chemical characterization of the samples was analyzed by
Fourier transform infrared spectroscopy-attenuated total
reflectance (FTIR-ATR) spectrophotometer (Perkin Elmer)
and Raman spectra (Renishaw Raman spectrometer) with a
532 nm laser wavelength. It was recorded at the wavenum-
ber region of 4000-450 cm™ and the Raman Shift region of
3000-1000 cm™ corresponding to FTIR and Raman spec-
trums. The morphological characterization of the samples
was captured from a scanning electron microscopy (SEM)
(Carl Zeiss 300VP) and elemental compositions were deter-
mined by energy-dispersive X-ray spectroscopy (EDS). The
operational details of characterization methods can refer
to the literature [28, 29]. All batch adsorption experiments
were carried out in a thermostated electronic shaker bath
(GFL 1083). The pH values of aqueous solutions were mea-
sured by a Hanna Instrument, model 8521, pH meter. The
measurements of residual Pb(II) concentration were per-
formed using inductively coupled plasma optical emission
spectrometry (ICP-OES) (Perkin Elmer Optima DV 2000).

RESULTS AND DISCUSSION

Characterization of Synthesized Adsorbents

In this study, Tour method was used to synthesize graphene
oxide by using graphite as a starting material. After the oxi-
dation process, GO was reduced by using L-ascorbic acid as
a non-toxic reducing agent.

XRD analysis was used to understand phase formation and
verify the interlayer spacing of graphite, GO and rGO samples.

The interlayer spacing of samples can be calculated accord-
ing to the Bragg law:

n\=2dsin0 3)
where n is an integer, A is wavelength of X-ray for the copper

target, 0 is angle between the incident and reflected rays and
d is the interlayer distance or d-spacing of Miller indices.
The crystallite size of the sample can be calculated using
the Debye-Scherrer equation from the following equation:

K

B Bcosb @
where D is the crystallite size of the sample, K is the Scherrer
constant (0.94), A is the wavelength of Cu-K_ (1.54 A), Bis
the half-width (rad) of the X-ray diffraction peak (FWHM),
and 0 is the Bragg’s diffraction angle.
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Figure 3. XRD patterns of graphite (a), graphene oxide (b)
and reduced graphene oxide (c).

Figure 3a shows the XRD spectra of graphite as a starting
material. The interlayer spacing of graphite was calcu-
lated from the characteristic peak where is a very sharp
peak at 26=26.6° along with the orientation at (002) plane
comes out to be 3.4 A which is similar in literature [30].
The characteristic graphite peak is disappeared after ox-
idation process in the synthesized GO as shown in Fig-
ure 3b. The characteristic peak of GO at 26=8.52° from
the diffraction of the (001) plane comes out to be 10.37A
which is in good agreement with the literature [31]. By
comparing graphite and GO, the reason of shifting 26 val-
ues from the 26.6° to 8.52° is that the d-spacing between
carbon layers increased with the addition of functional
groups in oxidation process and graphite is fully oxidized
to GO [31]. It can be seen that the characteristic peak po-
sition 20=25.24° from the diffraction of the (002) was the
confirmation of reduction of graphene oxide in Figure 3c.
The d-spacing of rGO was calculated using Bragg's law
to be 3.53 A. After the reduction process, the interlayer
distance of rGO was lower than GO that infers oxygen
containing functional groups were removed efliciently
[32]. This result clearly indicate that L-ascorbic acid is an
effective reducing agent for GO reduction.

Results from the XRD patterns and Debye-Scherrer equa-
tion, the average number of layers was calculated equation
5. In our case, synthesized GO has ~9 scattering layers
while rGO has ~5.

n=D/d (5)
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where n is the number of layers, D is the crystallite size of
the sample calculated using the Debye-Scherrer equation
and d is the interlayer distance between the planes.

XRD analysis results which are including 20, interlayer
spacing, FWHM, crystallite size and number of layers of
graphite, GO and rGO are given in Table 1 Results of XRD
analysis for graphite, graphene oxide and reduced graphene
oxide samples.

FT-IR spectrum give the information of functional groups
in graphite, GO and rGO. In Figure 4a, the FT-IR spec-
trum of graphite is given and clearly seen that do not show
any peaks means no oxygen bonds are observed [33]. Af-
ter the oxidation process, it is seen that FT-IR spectrum of
GO in Figure 4b show that oxygen-containing functional
groups are introduced in the structure. The FT-IR peaks of
GO at 1040, 1219, 1383, 1622, 1729 and 3220 cm™!, which
are vibration of alkoxy C-O, epoxy C-O, attributed to the
O-H deformation vibration of COOH group, C=C skele-
tal stretching, carboxylic acid -C=0, and hydroxyl -OH
groups, respectively [34]. The FT-IR spectrum of GO show
that the existence functional groups designate that graphite
has been oxidized and the polar groups particularly hydrox-
yl groups, made the GO form hydrogen bonds with water
molecules and provide hydrophilic nature. The reduction
of the oxygen-containing groups in GO by L-AA was also
proven by FT-IR spectroscopy as shown in Figure 4c.

After the reduction of graphene oxide, intensities of the
peaks corresponding to the oxygen functionalities such as
hydroxyl-OH peak at 3660 cm™ were reduced significantly
and some peaks were disappeared such as-COOH stretch-
ing vibration peak at 1741 cm™. These results indicates that
the GO has been reduced by ascorbic acid. Similar results
have been reported in the literature [35, 36].

In Figure 5, surface morphology and elemental composi-
tion of graphite, GO and rGO was examined by SEM and
EDS spectrum, respectively. Graphite is shown in a plate-
let-liked stacked sheets (Fig. 5a) while GO has wrinkle, lay-
ered and folded morphology (Fig. 5b). The reason for the
formation of these morphology is due to the oxygen-con-
taining functional groups formed during the GO formation
and the consequent structural defects [37]. SEM images
of rGO in Figure 5¢ show wrinkled, wavy and aggregated
morphology. According to EDS results as shown in Figure

-1
. 1741.4cm 1631.4 cm!
3273.7 cm

3 12142 cm

1036cmy 861.5cm

4000 3500 3000 2500 2000 1500 1000 500

© a)

g2 Be

3500 3000 2500 2000 1500 1000 500
cm?t

Figure 4. FT-IR spectrums of graphite (a), graphene oxide
(b) and reduced graphene oxide (c).

5d, graphite contained almost only C (98.4%) by weight.
After the oxidation process, GO (Fig. 5e) consisted of both
C (44.8%) and O (51.4%) peaks with carbon/oxygen (C/O)
ratio was calculated to be 0.87. In comparison, rGO (Fig.
5f) contained larger amounts of carbon (76.8%) relative to
oxygen (23.2%). It is understood that with the reduction of
GO to rGO with ascorbic acid, the functional groups dete-
riorate and the C percentage increases and the C/O ratio
increases from 0.87 to 3.31. C/O ratios may differ according
to synthesis and reduction methods [38].

Raman spectroscopy is a very useful technique to char-
acterize carbon-based materials. The typical Raman spec-
trum of carbon materials composed of D, G and 2D bands.
While D band is appeared in near 1350 cm™, G and 2D
bands are appeared in near 1580 cm™ and 2700 cm™, re-
spectively. Those Raman bands give different information.
Briefly, D band is related to defects vibrations of sp® car-
bon atoms of defects and disorder in the material, G band
is related to vibration of sp? carbon atoms in a graphitic
2D hexagonal lattice and 2D band is related to number of
graphene layers [39].

The Raman spectrum of graphite, prepared GO and rGO is
shown in Figure 6. D band of graphite has a low-intensity
compared to the G band which is related with nanocrys-
talline carbon in presented Figure 6a. Besides, graphite has
a high intense of 2D band. The I /I ratio=0.36 indicates

2D TG
the presence of multilayers of graphite as reported similar
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Figure 5. SEM images of graphite (a), graphene oxide (b) and reduced graphene oxide (c) and EDS spectrum of graphite

(d), graphene oxide (e) and reduced graphene oxide (f).

[40]. By comparing graphite and GO, it is obviously seen
that more intense D band observed in Figure 6b. A com-
mon way to describe the defect density in a material is the
ratio of the intensities of the D-band to the G-band. A val-
ue of the I /I =0.91 indicates greater disorder of the basal
planes of the GO due the functional groups present on the
surface of each layer. This is an indication of the increment
of disordered phase in the GO in consequence of the oxida-
tion of graphite and related to the formation of sp* hybrid-
ized bonds. In addition, flat and low intensity of 2D band
observed. These properties support the disorder of the ma-
terial layers and show that GO is composed of multilayers
according to I, /I =0.04. After the reduction process, it was

found that the intensity ratio D band to G band (I,/I =1.11)

increased significantly. This result indicates that most of the
oxygenated groups vanished during the reduction process.
Similar results have been reported in the literature [35].

Pb(II) Adsorption Evaluations on Synthesized Adsorbents
The influence of initial pH, concentration, contact time
and temperature on the adsorption of Pb(II) ions was
studied by adding 0.01 g of GO and rGO as adsorbents
and 10.0 mL of sample solution into the tubes. The solu-
tions prepared to be studied at different pH values, initial
concentrations, different time intervals and temperatures
were transferred to the tubes and shaken in a tempera-
ture-controlled shaker. Experiments were performed with
other conditions held constant.
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Figure 6. RAMAN spectra of graphite (a), graphene oxide
(b) and reduced graphene oxide (c).

The role of solution pH is very important to remove the
adsorbents from aqueous solutions. Because it affects the
surface charge of the adsorbent and states of the functional
groups of adsorbents as well as the adsorbate [41]. To study
the influence of pH upon % removal rate of Pb(II) of syn-
thesized materials, the experiments were conducted in the
pH range of 3-6 at room temperature with 100 mg/L lead

and the equilibrium time was kept 30 minutes. Equilibrium
solution pH of adsorbent was measured by a portable pH
meter. In the Pb(II) adsorption process, alkaline pH should
be avoided as precipitation occurs instead of adsorption,
therefore above the pH 6.00 were not studied [42].

The results of the experiment are shown in Figure 7. Max-
imum removal rate was obtained 69% and the adsorption
capacity (69.3 mg/g) was the highest at pH 4.0 for GO. On
the other hand, Pb(II) removal rate for rGO was higher
than GO. rGO has 89% removal rate with the adsorption
capacity was calculated 88.94 mg/g at pH 4.0. Since the val-
ues obtained at pH 5.0 and 6.0 were very close to pH 4.0, the
studies were continued with pH 4.0 for rGO. In the current
study, pH value of 4.0 was chosen as optimum.

Figure 8 shows the effects of different initial concentra-
tion of Pb(II) on the adsorption of the GO and rGO sur-
face. Throughout the study, the initial lead concentration
was studied from 25 to 250 mg/L at room temperature
and the equilibrium time was kept 30 minutes at pH 4.0.
The removal rate of Pb(II) decreases and the adsorption
capacity increases with an increase in initial Pb(II) con-
centration. It may be due to an increase in the number
of Pb(II) ions for the fixed amount of adsorbent. The
decrease in percentage removal can be clarified that all
the adsorbents had a limited number of active sites, that
would have become saturated above a certain concentra-
tion. The amount of Pb(II) adsorbed per unit mass of GO
and rGO increases with increase in Pb(II) concentration,
may be due to the complete utilization of adsorption sur-
face and active sites available which is not possible in low
concentration. For the rGO, the optimum values of Pb(II)
removal and adsorption capacity are found to be 89% and
88.94 mg/g, respectively, with the initial Pb(II) concen-
tration value of 100 mg/L. For the GO, the optimum val-
ues of Pb(II) removal and adsorption capacity are found
to be 70.9% and 35.48 mg/g, respectively, with the initial
Pb(II) concentration value of 50 mg/L.

Adsorption is highly a time dependent process. When the
adsorbent and adsorbate are contacted for a sufficient time,
the adsorption performance will increase as the interaction
between the ions will ensure the completion of the adsorp-
tion process. For this reason, it is very important that the
adsorbent and Pb(II) ion have sufficient contact time and
reach equilibrium in order to complete the adsorption re-
action [2, 42]. In order to study the effect of contact time on
adsorption of Pb(II) on GO and rGO was investigated to
determine the equilibrium contact time shown in Figure 9.

Removal efficiency was observed to increase as the contact
time was increased from 5 to 240 minutes. The uptake of
Pb(II) onto GO was rapid within the first 60 minutes due
to the availability of binding sites and greater concentration
gradient. However, no considerable increase was observed
on the removal efficiency as the contact time was further
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increased from 60 to 240 minutes. Equilibrium was attained ~ 94% with the adsorption capacity was calculated 93.9 mg/g
at 60 min. with maximum removal efficiency 89% with the

adsorption capacity was calculated 69.3 mg/g for GO while

for rGO. In the present work, 60 min was selected as the
contact time to ensure equilibrium.
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Figure 10. Effect of temperature on removal rate (a) and adsorption capacity (b) onto the GO and rGO materials.
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Figure 11. Langmuir plots for adsorption of Pb(II) by the
GO and rGO materials.

To understand the effect of temperature, experiments at 298,
308 and 313 K were conducted and the results are shown
in Figure 10. It has been seen that removal percentage of
Pb(II) slightly decrease when the temperature increase. The
adsorption process is more favorable at room temperature
for both adsorbents.

Adsorption isotherms can be used to understand the inter-
actions between an adsorbate and sites on the sorbent sur-
face [43]. The Pb(II) solutions in the range of 25-250 mg/L
was used to study the adsorption isotherms. Adsorption
isotherms are represented by the Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich models with the re-
sults shown in Table 2.

The Langmuir isotherm (Fig. 11) is widely used model that
describes adsorption on homogeneous surface by mono-
layer sorption without interaction between adsorbed mol-
ecules [26, 44].

The linear form of Langmuir equation can be expressed
as follows:

Figure 12. Freundlich plots for adsorption of Pb(II) by the
GO and rGO materials.

C 1 C

e = (6)
9 K, 9y
where C_ (mg/L) is the equilibrium concentration, K, (L/
mg) is the Langmuir constant and qm (mg/g) is the maxi-
mum adsorption quantity.

The favorability of adsorption can be expressed by factor
R, in equation 7. The R, values indicate that the adsorption
process is favorable when 0< R <1, unfavorable when R >1
and irreversible when R, =0 [45].

1
R=Tx K. G, (7)

The Freundlich isotherm is based on heterogeneous ad-
sorption process calculated by the equation 8 when plotted
as Log q, versus Log C, (Fig. 12).

1
log q.=log Kf+I—l log C, (8)

where K and 1/n are the Freundlich constants. The value of
n ranging from 1 to 10 indicated that the adsorption pro-
cess is favorable [46].
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Figure 13. Temkin plots for adsorption of Pb(II) by the GO
and rGO materials.

Table 2. Adsorption isotherm parameters of Pb(II) adsorption on
GO and rGO

Isotherm models Parameters GO rGO
Langmuir q,, (mg/g) 117.647 200.000
K, (L/mg) 0.040 0.034
R, 0.334 0.225
RrR? 0.949 0.910
Freundlich n 2.158 1.751
K 11.350 13.149
R? 0.938 0.793
Temkin b, (J/mol) 24.272 40.993
K, (L/mg) 0.472 0.450
R? 0.920 0.938
Dubinin-Radushkevich Kor (mol/KJ)?  0.00000500 0.00001014
q, (mg/g) 76.104 138.540
E (kJ/mol) 316.228 222.014
RrR? 0.717 0.971

The Temkin isotherm (Fig. 13) is related to adsorbate and
adsorbent interaction and based on this model, the tem-
perature-dependent heat of adsorption of all molecules on
the sorbent surface decreases linearly due to interactions
with represent the following equation [43].

q,=B InK1+B InC, 9)
_RT 10
- (10)

where b_ is the Temkin constant related to the heat of ad-
sorption [J/mol] and K represents the Temkin isotherm
equilibrium binding constant [L/mg] corresponding to the
maximum binding energy.

Dubinin-Radushkevich (D-R) (Fig. 14) is another model
which is used to apparent free energy of adsorption, ad-

Figure 14. Dubinin-Radushkevich plots for adsorption of
Pb(II) by the GO and rGO materials.

sorption mechanism based on potential theory which as-
sumes the porous structure and heterogeneous surface of
the sorbent [47]. The linear form of D-R isotherm equation
is given at the following [46].

Ing,=Inq, -Kpge’ (11)
1
s=RT1n(1+C—e) (12)
!
E=— 13
~ (13)

where q_ (mg/g) is the adsorption capacity, K, (mol K/J)*
is a constant related to energy, ¢ is the Polanyi potential,
R is a gas constant (8.314 J/mol K), T is the absolute tem-
perature (K), E is the adsorption mean energy. Plotting Inq,
against &’, the values K, and q_ can be calculated from the
slope and intercept, respectively.

It can be seen from the Table 2 in accordance with the value
of R?, GO is fitted well by Langmuir isotherm with a max-
imum monolayer adsorption capacity 117.6 mg/g, while
Dubinin-Radushkevich model shows a good agreement
for rGO with a maximum adsorption capacity 138.5 mg/g.
From the data calculated in Table 2, the R, value of both
GO and rGO are between 0-1 indicating that Langmuir iso-
therm is favorable. In addition, it is observed that the values
of the Freundlich isotherm constant “n” are greater than 1,
that means Pb(II) is favorably adsorbed onto GO and rGO.
The calculated E value is used to predict the reaction mech-
anism of the adsorption process. If the E value is less than 8
kJ/mol, it indicates a physical adsorption, while the E value
is higher than 8 kJ/mol, the adsorption process is chemi-
cal in nature [48]. In our cases, E value is 222 kJ/mol that
means adsorption process is chemical in nature for rGO.

In Figure 15, the adsorption capacities obtained from the ex-
perimental and isotherm models are plotted. As seen in Fig-
ure 15a, Langmuir model shows better fit for GO while D-R
model can be considered more proper for rGO in Figure 15b.
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Figure 15. Comparison of adsorption capacities found from experimental and isotherm models for (a) GO and (b) rGO.

Table 3. Comparison of the maximum adsorption capacity of Pb(II) with various graphene-based adsorbents

Carbon-based adsorbent Synthesis method Isotherm model Q,,, (mg/g) Reference
GO Tour’s Langmuir 117.6 This work
rGO Green Reduction by L-Ascorbic Acid Dubinin-Radushkevich 138.5 This work
Graphene nanosheet Vacuum-promoted low- temperature exfoliation Langmuir 2242 [49]
Graphene aerogel Modified Hummer’s - 80.0 [50]
Polydopamine coated GO Modified Hummer’s Langmuir 53.6 [51]
GO- Chitosan Modified Hummer’s Freundlich 90.0 [52]
rGO-Mn304NC Modified Hummer’s chemical reduction followed
by hydrothermal treatment - 105.39 [53]

SiO,/graphene Hummer’s Langmuir 113.6 [54]
In this study shows higher Pb(II) capacities than other re- 000
ported values for Pb(II) removal as mentioned in Table 3. 0G0 ATGO
These results suggests that graphene-based materials syn- 2 .
thesized by environmentally friendly methods show great oso A — y-1seraeasm
potential to remove Pb(II) ions in water pollution control //// woosa
applications. 9.30 A
The thermodynamic parameters that are AH®, AS° and E 010
AG® for Pb(II) on GO and rGO were calculated from the °
temperature dependent adsorption isotherms. The related 8.0 ot
equations are shown from the following equations. -
AG"=-InK; (14)

AS® AH® O — 0.00326 0.0033 0.00334
anL=T_F (15) 1T

where AH® is the standard enthalpy change, AS® is the stan-
dard entropy change and AG® is the standard free energy
change R is the ideal gas constant (8.314 J/mol K), T is the
absolute temperature in Kelvin. The K| is the thermody-
namic equilibrium constant.

In this study, the experiments were carried out at 298, 308
and 313 K with a solution concentration of 50 mg/L of Pb(II)
for GO and 100 mg/L for rGO. Linear plots of InK, vs 1/T
for Pb(II) adsorption on prepared GO and rGO are shown

Figure 16. Thermodynamic studies for adsorption of Pb(II)
by the GO and rGO materials.

in Figure 16. AH and AS were calculated from the slopes
and intercepts of the plot of In K| vs 1/T by using eq 15.

The negative values of AG’ for both materials show that
the adsorption processes are spontaneous. The negative
value of AH? infers the exothermic behavior of the ad-
sorption. The positive value AS® indicate the increasing
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Table 4. Thermodynamic Parameters for the Adsorption of
Pb(II) on graphene oxide and reduced graphene oxide

Material T (K) AG AH°/K] AS°/]
(kJ mol ™) mol! mol™! K™!
rGO 298 -23.866 -15.525 28.194
308 -24.400
313 -24.217
GO 298 -22.299 -22.031 1.327
308 -22.850
313 -22.165

randomness at the solid/solution interface during the ad-
sorption process. Related values of thermodynamic pa-
rameters were listed in Table 4.

In order to have an idea about the adsorption mechanism,
the enthalpy and the size of the free energy change are used.
Generally, the magnitude of AH® is less than 20 kJ/mol for
absolute physical adsorption, while this value is in the range
of 80-200 kJ/mol for chemical adsorption [55].

In general, the absolute magnitude of the change in Gibbs
free energy for physisorption is between -20 and 0 kJ/mol,
and chemisorption is in the range of -80 to -400 kJ/mol
[56]. The results found for rGO and GO are in the range
from -24.217 to -23.866 and -22.165 to -22.850 kJ/mol, re-
spectively. These values are in the between physisorption
and chemisorption [57]. It can be evaluated that physical
adsorption was improved by a chemical effect. In addition,
since AG® values are between 20 and 80 kJ/mol, adsorp-
tion type can be explained as ion exchange. Presumably the
ion-exchange has a range from -20 to -80 kJ/mol [58, 59]. It
can be concluded that the adsorption process is carried out
with the control of several mechanisms together.

CONCLUSION

In the current study, GO was synthesized from graphite
powder by Tour's method, which is a green method among
the others and did not generate toxic gases during syn-
thesis, and then non-toxic reducing agent L-ascorbic acid
was used to obtain reduced graphene oxide. Both materi-
als were characterized and compared by various methods.
XRD results showed that the oxidation of graphite has given
highly oxidized GO with a 10.37 A interlayer space and de-
creased to 3.53 A after the reduction of rGO by L-ascorbic
acid. In addition, ATR-FT-IR analysis revealed that oxy-
gen-containing functional groups present in GO were dis-
appeared or decreased in intensity when converted to rGO.
Wrinkled morphology was shown via SEM images and EDS
analyses confirmed following reduction of GO to rGO; ra-
tio of carbon content to oxygen content increases from 0.87
to 3.31. The intensity ratio D band to G band of rGO was
higher than GO due to the removal of oxygen moieties and

restoration of sp® carbon networks during the reduction
which is confirmed by Raman spectroscopy. Pb(II) removal
experiments by GO and rGO were done and investigated
the effect of parameters such as solution pH, contact time,
initial Pb(II) concentration and temperature. Obtained re-
sults from fitting the experimental data Langmuir model
showed a suitable correlation (R?*=0.949) and the maximum
adsorbing capacity of GO was found to be 117.6 mg/g while
Dubinin-Radushkevich model offered a proper correlation
(R*=0.971) and the maximum adsorbing capacity of rGO
was calculated to be 138.5 mg/g. In addition, thermody-
namic parameters showed that the adsorption of Pb(II)
ions is spontaneous and exothermic in nature.

Due to their high toxicity, the removal of Pb(II) ions from
aqueous solution is vital for the remedy of environmental
pollution. Considering the characterization and adsorption
results of green synthesized GO and rGO, it is clearly under-
stood that they are promising and environmentally friendly
alternative adsorbent materials and have high adsorption
capacity for Pb(II) ions. The outcomes of present investiga-
tion hint that both GO and rGO have the potential of being
effective adsorbents of removal of heavy metal ions from
large volumes of aqueous solutions in the pollutant cleanup.
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