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Abstract. A novel chelating adsorbent was successfully synthesized by cross-linking
of 4, 40, 400-s-triazine-1, 3, 5-triyltri-p-aminobenzoic acid as a linker with nanosheets of
graphene oxide to provide a 3-dimensional framework. Therefore, the adsorption process
of Cd+2 and Pb+2 on the adsorbent was investigated by employing an ultrasonic bath.
The optimum condition containing the small amount of adsorbent (10 mg) for both metals
at pH=8 for Cd+2 and pH=5 for Pb+2, and a short time of two minutes caused gaining
an absorption capacity at a high level. The presence of nitrogen-functionalized groups in
the porous Graphene Oxide Framework (GOF) contributed to the absorption of lead and
cadmium ions. The kinetic models of pseudo-�rst-order and pseudo-second-order were used
to de�ne the kinetic process. The experimental adsorption datum was properly suited to the
kinetic model of the pseudo-second-order (R2 = 0:990). It indicated that adsorbing ions of
heavy metals onto GOF happens through a chemical process, and adsorption isotherms of
Cd+2 and Pb+2 ions were in high-grade accordance with the Longmuir model. Eventually,
because of the rapid adsorption kinetics, high removal capacity, perfect stability, and being
reusable, this GOF can be used as a remediation adsorbent with high-performing heavy
metals removal from aqueous solutions.
© 2023 Sharif University of Technology. All rights reserved.

1. Introduction

Removing heavy metals from the environment is a
signi�cant subject, and developing new methods and
adsorbents to achieve excellent removal e�ciencies is
much regarded [1,2]. The term \heavy metal" is
utilized for any metallic element with high density
(more than 5 grams per cubic centimeter) (e.g., copper,
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mercury, cadmium, lead, and arsenic) [3]. Accumu-
lating such heavy metals in the human body can
lead to cancer. Consequently, new technologies are
needed to eliminate these toxic ions from pollution and
wastewater. Therefore, to extract heavy metal ions
from the aquatic environment, di�erent scienti�c meth-
ods were developed, including electrodialysis, reverse
osmosis, coagulation, ion-exchange, adsorption, chem-
ical precipitation, 
otation, �ltration, irradiation, and
membrane �ltration [4{6]. Among these processes, ad-
sorption is very common, and due to high e�ciency, low
cost, design simplicity, and selectivity, it is considered
a promising strategy for extracting heavy metals from
wastewater. In this context, to remove toxic ions, many
substances have been widely adopted, including meso-
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porous zeolites [7], clay [8,9], carbon [10], polymers [11],
Metal-Organic Frameworks (MOF) [12,13], and Cova-
lent Organic Frameworks (COF) [14,15]. Nevertheless,
most substances mentioned above have defects such as
low sorption capacity, high cost, slow capture kinet-
ics, use of toxic raw materials, and poor selectivity,
reducing the perspective of practical application on
an industrial scale [16,17]. Consequently, to remove
heavy metals from the environment and polluted water,
novel types of eco-friendly and stable adsorbents must
be developed with an adsorption capacity at high
levels. Designing an adsorbent with many convenient
chelating sites with high a�nity, high capacity, and
rapid uptake of the pollutants is a crucial challenge in
environmental remediation. In recent years, the use of
graphene oxide-based nanomaterials and their three-
dimensional (3D) con�gurations as new carbon-based
adsorbents have superior adsorption properties toward
toxic metal ions [10]. The graphene oxide's di�erent
functional groups, including epoxy, carboxyl, and hy-
droxyl, can bind covalently with the chelating linkers.
These linkers, which strongly tend to coordinate with
the metal ions, enhance the sorption capacity of the
nanocomposites. For example, linkers with functional
groups containing nitrogen display a mighty capability
to coordinate with the ions of heavy metals [18{23].
Graphene Oxide Frameworks (GOFs) play their role
in creating excellent adsorbents since they have proper
mesopore constructions that can exhibit the right com-
bination of properties to act as sca�olding to decorate
coordination sites, in other words, 4, 40, 400-s-triazine-
1, 3, 5-triyltri-p-aminobenzoic acid (H3TATAB) is an
organic compound that has three nitrogen atoms in a
triazine ring and three amine groups which be amongst
the most e�cient chelating functional groups towards
heavy metal ions, especially Cd+2 and Pb+2 [24{27].
Therefore, TATAB was chosen as a cross-linker for
the covalent modi�cation of GO nanosheets to form a
three-dimensional GOF as an exceptionally adsorbent
to remove heavy metal ions from polluted water.

2. Experimental section

2.1. Materials and instrumentation
4-aminobenzoic acid, cyanuric chloride, sulfuric acid
(H2SO4), hydrogen peroxide (H2O2), potassium per-
manganate (KMnO4), and Graphite powder were
bought from Merck chemical company (Kenilworth,
NJ 07033, USA). Double-distilled water was used
throughout the tests. The typical solutions of lead
and cadmium were ready by dissolving suitable vol-
umes of Pb(NO3)2 (Merck, Darmstadt, Germany) and
Cd(NO3)2.4H2O (Sigma-Aldrich, USA) in deionized
water.

A GBC Flame Atomic Absorption Spectrometer
(FAAS) model Avanta (Australia) tailored with lead

and cadmium hollow cathode lamps was employed for
the examination. The contributory settings designated
for lead and cadmium were 5.0 and 3.0 mA lamp
current, 1.0 and 0.5 nm bandwidth of the slit, and
217 and 228.3 nm wavelength. An ultrasonic bath
(Heidolph, Germany) at 60 Hz frequency was used
for the ultrasound-assisted adsorption procedure. A
Labtron vortex model ls-100 (Iran) was applied for
rapid shaking. A Metrohm 827 pH meter (Switzer-
land) was used for pH measurements. The X-Ray
powder Di�raction (XRD) patterns were recorded at
21�C with a PANalytical X0Pert Pro MPD instrument
(Netherlands) by Cu-K� radiation at 40 kV and 40 mA
in the limited area of 2� = 5� � 80� with a stage
size of 0.02. In the transition method, the Fourier
Transform Infrared (FT-IR) spectra were recorded in
the limited area of 4000 to 400 cm�1 by PerkinElmer
(Spectrum Two, USA) spectrometer. Barrett-Joyner-
Halenda (BJH) model and Brunauer-Emmett-Teller
(BET) method accounted for the pore size distribu-
tion and particular surface area. Thermogravimetric
analysis (TGA) of compounds was calculated with the
STA-1500 calorimeter (STA 1500, Rheometric Scien-
ti�c, USA). Synthesis of GO Energy Dispersive X-Ray
(EDX) was recorded with a Mira 3-XMU instrument
(USA).

GO was prepared from graphite through a modi-
�ed Hummers method [28].

2.2. Synthesis of perhydroxylated Graphene
Oxide (GOH)

GO (1.0 g) was dispersed in 30 mL deionized water
in a dried 50 mL 
ask for 10 min, and then 1.0 g
NaOH was added to the GO dispersed solution and
stirred for 1 h at room temperature. In the following,
the mixture temperature was increased to 90�C and
was agitated for 24 h. After cooling the mixture
to room temperature, the solution was acidi�ed with
5% hydrochloric acid to pH=7. By centrifuging at
7000 rpm, the product was separated and washed with
distilled water, and dried.

2.3. Synthesis of 4, 40, 400-s-triazine-1, 3,
5-triyltri-p-aminobenzoic acid
(H3TATAB)

At �rst, a solution containing 4-aminobenzoic acid (1.8
g, 13.2 mmol), water 20 mL, and 3 mL of sodium
hydroxide 5 M was prepared and then charged with
sodium bicarbonate (0.9 g, 11 mmol). Then, a solution
containing (0.6 g, 3.3 mmol) of cyanuric chloride and
1, 4- dioxane (5 mL) was gradually mixed. The blend
was agitated at room temperature for 10 minutes, then
for one night at 110�C under re
ux conditions. To
continue, after being balanced the mixture temperature
in the room environment, 20% hydrochloric acid was
added to bring the pH of the mixture to 3. After
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centrifuging the suspension, the solids were removed
with water. The accumulated bright yellow solid was
dried in an oven to yield pure H3TATAB (1.8 g,
80%) [29].

2.4. Synthesis of 4, 40, 400-s-triazine-1, 3,
5-triyltri-p-aminobenzoyl chloride

A mixture of H3TATAB (0.48 g, 1 mmol) and SOCl2
(10 mL) was re
uxed at 70�C for 24 h. After vacuum
distillation of SOCl2, 4, 40, 400 � s-triazine-1, 3, 5-
triyltri-p-aminobenzoyl chloride (0.44 g, 92%) was
obtained.

2.5. Synthesis of GOF
The GOF was synthesized by the reaction of Graphene
Oxide Hydrogel (GOH) with 4, 40, 400-s-triazine-1, 3,
5-triyltri-p-aminobenzoyl chloride. The GOH in the
amount of 0.1 g was dissolved in 30 mL of dry dimethyl-
formamide (DMF) and was exposed to ultrasonic waves
for 30 minutes. Next, 4, 40, 400-s-triazine-1, 3, 5-triyltri-
p-aminobenzoyl chloride (0.1 g, 0.2 mmol) was added to
20 mL of dry DMF, stirred, and slowly added to GOH
suspension. Subsequently, the mixture was stirred for
24 h at 100�C. Finally, the mixture was kept under
static conditions for 24 h at 80�C. The obtained solid
was �ltered and washed with THF and deionized water
numerous times. Then, the product was dried in an
oven, and GOF (0.17 g) was obtained.

2.6. Removal procedure
To study the e�ect of physicochemical factors, the
batch equilibrium method was applied for the adsorp-
tion experiments. The e�ect of variables including
initial pH of sample solutions (3{9), contact time
(0.3{10 min), adsorbent dosage (5{15 mg), and the
initial concentration of analyses (10{400 �g L�1) on
the adsorption e�ciency of Cd+2 and Pb+2 using
GOF was individually investigated. The stock stan-
dard solution (1000 �g L�1) of Cd+2 and Pb+2 was
prepared by dissolving a suitable value of Cd(NO3)2
and Pb(NO3)2 salts in 100 mL deionized water. The
required concentration solution for the experiments was
then prepared by diluting the stock standard solution.
Initially, the Cd+2 and Pb+2 solutions were prepared at
a concentration of 10 mg L�1, and then 15 mL of each
solution was transferred to a separate sample vessel.
Next, the pH values of the sample were adjusted by
adding a small amount of NaOH or HCl solutions (0.1
mol L�1). Then, 10 mg of GOF as adsorbent was added
to each sample and sonicated for 5 min. Afterward, the
adsorbent was immediately removed from the solution
and sampled for AAS. For equilibrium studies, 15 mL
of di�erent concentrations of metal ions were added to
the sample containing 10 mg of adsorbent. Thereafter,
the initial and residual concentrations of each metal ion
were determined. It is noteworthy that we examined
the same steps for cadmium and lead separately. The

removal percentage (R(%)) of metal ions was then
calculated by the following equation:

R (%) =
Ci�Ce
Ci

� 100; (1)

where Ci and Ce are the initial and equilibrium heavy
metal concentrations (mg L�1), respectively. The
amount of the adsorbed metal ions at equilibrium qe
(mg g�1) was then obtained by Eq. (2) as below:

qe =
(Ci�Ce)V

m
; (2)

where, V (L) is the volume of the solution, and m (g)
is the weight of the adsorbent.

3. Results and discussion

Continuing our research on synthesizing a novel GOF
as a catalyst [30], we present the synthesis of a new
GOF and its application for the removal of cadmium
and lead ions from an aqueous solution. The synthesis
of GOF is illustrated in Scheme 1.

Graphene oxide platelets contain functional
groups with oxygen, including epoxy and hydroxyl
groups on the basal planes that are reactive chemically.
At �rst, the reaction of graphene oxide with sodium
hydroxide was performed to increase the hydroxyl
group on graphene oxide for the reaction with the
linker (Scheme 1(a)). The epoxy groups of graphene
oxide can be simply improved over ring-opening re-
actions, including the nucleophilic attack at the �-
carbon using the hydroxide anion. In the second
step, 4, 40, 400-s-triazine-1, 3, 5-triyltri-p-aminobenzoic
acid (H3TATAB) precursor was prepared through the
reaction of 4-aminobenzoic acid with cyanuric chloride
in the presence of a base. Then, produced H3TATAB
is �rst converted to 4, 40, 400-s-triazine-1, 3, 5-triyltri-
p-aminobenzoyl chloride using SOCl2 and then reacted
with GOH to synthesize GOF.

To study the chemical structure and morphology
of GO and GOF, di�erent analyses of FT-IR, EDX,
XRD, TGA, and BET were carried out.

3.1. Characterization of GOF
The spectra of FT-IR for GOH, H3TATAB, and GOF
have been presented in Figure 1. The vibrational
bands related to O-H stretching at 3300 to 3500 cm�1,
the stretching vibration of C=O at 1720 cm�1, the
stretching vibration of C=C at 1618 cm�1, and C-O
and C-OH at 1080 to 1200 cm�1 were detected in the
IR spectra of GOH. In IR spectra of H3TATAB, the
stretching vibration of C-N at 1312 cm�1, N-H bending
vibration at 1498 cm�1, N-H out-of-plane bending
vibration at 795 cm�1, the vibrational bands related
to C=C, C=N at 1498{1602 cm�1, the stretching
vibration of C=O at 1700 cm�1 and the stretching
vibration of N-H (secondary amine) at 3412 cm�1 were
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Scheme 1. Synthesis of graphene oxide framework.

Figure 1. Fourier-transform infrared spectra of GOH,
H3TATAB, and GOF.

detected. When the GOH cross-linked with H3TATAB,
a novel adsorption band emerged at 1741 cm�1 and
was attributed to stretching vibration relating to C=O
of ester groups. Similarly, the absorption band of
C-N at 1250{1350 cm�1, N-H bending vibration at
about 1509 cm�1, N-H out-of-plane bending vibration

Table 1. The elements quantity of GOF observed by EDS
analysis.

C N O
59.82 21.41 18.77

at 802 cm�1, and the C=O related to the ester group
approved the linkage of H3TATAB to sheets of GO via
esteri�cation and fabrication of GOF.

In order to con�rm the preparation of GOF
with the mentioned linker and prove the presence of
compositional elements, EDX analysis was examined
(Figure 2). The existence of N atoms in the synthesized
composite is related to the formation of GOF. The
quantity of elements observed by EDS analysis is shown
in Table 1.

The XRD analysis is usually employed to examine
the substances' crystalline construction. Figure 3
illustrates the XRD patterns related to GOF and GO.
The XRD pattern related to GO has displayed an
amorphous nature with three peaks at 2� = 12�,
26.50�, and 42.19�. Nevertheless, the di�raction
peak of GO vanished in the XRD pattern related
to GOF nanocomposite. It was displayed that the
GO had a great exfoliation and scattering in the
produced GOF. Moreover, in the XRD pattern related
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Figure 2. Energy-dispersive X-ray spectroscopy analysis
of GOF.

Figure 3. X-ray di�raction pattern of GO and GOF.

Figure 4. TGA curve of GO and GOF.

to GOF,only one broad peak at 26.60� indicated its
amorphous nature and can be indexed to the re
ection
of graphene [31].

TGA was used to estimate the thermal stability
related to GOF nanocomposite. The TGA curves of
GO and GOF have been displayed in Figure 4. The

initial weight loss for GO at 110�C was due to the ad-
sorbed water's evaporation, and the maximum weight
loss temperature from 190 to 210�C was assigned to
the loss of functional groups of labile oxygen at the
GO surface [32,33]. The sequential weight loss between
210{800�C can be attributed to the more stable phenol
groups and the pyrolyzing of the carbon skeleton in the
GO construction [34]. The TGA curve of GOF showed
the thermal stability of the nanocomposite greater than
that of GO. The TGA results also con�rmed that the
GOF has successfully formed.

The N2 adsorption-desorption isotherms and pore
size distribution have evaluated the porosity of GOF
(Figure 5). The BET model was applied to account
for the surface area of GO, which was 7.87 m2 g�1,
while GOF's surface area was increased up to 14 m2

g�1. The BJH model calculated the average pore
diameter, which led to about 19 nm (more details are
in Table 2). N2 adsorption-desorption isotherms of
GOF are similar to type IV, which shows a distinct
H3 hysteresis loop, denoting the GOF's mesoporous
nature. These isotherms characterize the porous sub-
stances, and nitrogen molecules have condensed in the
tiny capillary mesopores of the adsorbent [35,36]. This
observation indicated the successful formation of GOF.

3.2. E�ective factors on the adsorption of
Cd+2 and Pb+2 using GOF

3.2.1. E�ect of pH
The solution has a pH value, which is an essential
factor in the adsorbing method through protonation
and deprotonation of the functional groups on the
surface of the adsorbent. Hence, �rst, it was attempted
to optimize this factor for each of the two analyte ions.
To do so, several batch equilibrium experiments were
performed to survey the impact of pH in adsorbing
Cd+2 and Pb+2 by GOF adsorbent. The uptake plot
of the metal ions onto the GOF adsorbent has been
shown in Figure 6. The adsorption of two analytes on
GOF adsorbent was found to be remarkably a�ected
by the pH of the solution. The GOF surface consists
of numerous active sites and is likely to be positively
charged at low pH value levels. The minimum removal
of two ions was at pH=3. It could cause a competitive
trend in adsorbing between Cd+2, Pb+2, and H+ in
the process of protonation of nano-adsorbent active
sites. In the meantime, the groups of carboxyl,
hydroxyl, and N atoms of the GOF will be protonated
as active sites. This leads to electrostatic repulsive
force between the protonated groups and the metal
cations, which, as a result, hinders metal ions from
uptake. As the pH increased, the H+ charges in
the solution decreased, and the adsorption percentage
increased with increasing pH due to the diminishing
of H+. Strong electrostatic interaction occurs between
adsorbent active sites and metal ions, especially the
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Figure 5. Nitrogen adsorption-desorption isotherm (a) and (c) of GOF and GO, respectively, and pore size distribution
(b) and (d) of GOF and GO, respectively.

Table 2. Speci�c surface area (SBET ), diameter pore, and total pore volume of GO and GOF.

Sample BET surface area
(m2 g�1)

Diameter pore
(nm)

Total pore volume
(cm3 g�1)

GO 7.87 16.70 0.03
GOF 14 19 0.07

Figure 6. The result of pH on the removal of 10 mg L�1

of Cd+2 and Pb+2 by GOF (Condition: adsorbent dosage,
0.01 g; ultrasonic time, 2 min; the volume of solution, 15
mL).

nitrogen atoms of amino groups and triazine on the
adsorbent surface. Besides, when the pH increases,
protonation active sites are diminished, and the surface
of GOF will have more free nitrogen and oxygen with

lone pairs of electrons to coordinate with the ions of
Cd2+ and Pb+2. The maximum removal is observed at
pH=8 for Cd+2 and pH=5 for Pb+2.

3.2.2. Adsorbent dosage
The impact of the adsorbent dosage on the e�ciency
of removing Cd+2 and Pb+2 was examined to evaluate
the optimum amount of GOF (Figure 7). The result
showed that by increasing the mass of the adsorbent
from 5 to 10 mg, the removal e�ciency was increased
due to an increase in the number of active sites. But,
by increasing the adsorbent amount to 15 mg, no more
increment was observed, and the removal e�ciency was
almost constant. Thus, at higher adsorbent quantities,
no notable di�erences were observed in the trend of the
removal e�ciency. Because the concentration of metal
ions became �xed (equilibrium mode). Accordingly,
the adsorbent dosage of 10 mg was chosen for both
metal ions as an optimum amount of the adsorbent.
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Figure 7. The result of adsorbent dosage on the removal
of 10 mg L�1 of Cd+2 and Pb+2 by GOF (Condition:
pH=8 for Cd+2 and pH=5 for Pb+2; ultrasonic time, 2
min; the volume of solution, 15 mL).

Figure 8. The result of contact time on the removal of 10
mg L�1 of Pb+2 and Cd+2 by GOF (Condition: adsorbent
dosage, 0.01 g; pH=5 for Pb+2 and pH=8 for Cd+2; the
volume of solution, 15 mL).

3.2.3. Contact time
Some tests had to be done to determine the optimal
contact time for the adsorption of heavy metal ions by
the GOF adsorbent. To do so, the removal capacity of
separate analyte ions was examined as a time function.
The impact of ultrasonic duration on the adsorbing
analytes in the scope of 0.25{10 min was studied.
Figure 8 presents the adsorption curves of GOF for
Pb+2 and Cd+2 for various time intervals. Notably, the
uptake of Pb+2 and Cd+2 by GOF adsorbent requires
only 2 min to reach the maximum removal e�ciency,
and the adsorption rate considerably was higher than
that of conventional adsorbents [37,38]. The maximum
removal rate was observed within 2 min after the start
point. After that, the removal of analytes remains
almost constant at higher contact times. These results
show that 2 min was considered for the equilibrium
time. More than 98% of both analytes were removed
from the solution at equilibrium status.

3.2.4. Initial Pb+2 and Cd+2 concentration
To investigate the impact of the initial Pb+2 and
Cd+2 concentration on the removal percentage and

Figure 9. The result of the initial concentration of Cd+2

and Pb+2 on their removal using GOF (Condition:
ultrasonic time, 2 min; adsorbent dosage, 0.01 g; pH=8 for
Cd+2 and pH=5 for Pb+2; the volume of solution, 15 mL).

Figure 10. The result of initial metal ion concentration
on the adsorption capacities of Cd+2 and Pb+2 using
GOF. (Condition: ultrasonic time, 2 min; adsorbent
dosage, 0.01 g; pH=8 for Cd+2 and pH=5 for Pb+2;
volume of solution, 15 mL).

adsorption capacities by adsorbent (GOF), several
experiments were performed with various initial con-
centrations, in the range of 10{400 mg L�1 for Pb+2

and 10{300 mg L�1 for Cd+2. There was an increment
in the adsorption capacity of analyte metal ions and
a reduction in the removal percentage by increasing
initial concentrations of target ions due to the lack
of available active sites for the content of analytes
(Figures 9 and 10) [39]. It is widely known that
higher initial concentration contributes to enhancing
mass transfer power from the solution to the adsorbent
surface [40]. This can explain why the driving force
for the mass transfer of analytes is great at their high
initial concentrations. It showed that increasing initial
concentrations of heavy metal ions a�ected the driving
force at the solid-liquid interface, which increased the
adsorption capacity until the adsorption sites were
saturated. So, using heavy metal ions with an excessive
initial concentration caused a decrease in adsorption
e�ciency for the later adsorption stage [41].
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3.3. The isotherm of adsorption
The models of Langmuir and Freundlich isotherms are
mathematical and analytical patterns. These models
describe the concentration and dispersion of the aque-
ous and pollution phases at an equilibrium status with
the phases of adsorbent and solution. Furthermore,
these models for adsorption isotherm have a vital role
in determining the sorption behavior. The Langmuir
equation is represented in Eq. (3). It displays monolayer
adsorption on a homogenous surface where the adsorb-
ing process can solely befall in localized active sites.
Usually, for multilayer adsorbing at the heterogeneous
surfaces, the Freundlich Eq. (4) is employed:

Ce
qe

=
1

qmaxK1
+

Ce
qmax

; (3)

Lnqe = LnKf +
1

nLnCe
: (4)

In this state, the constants of Langmuir and Freundlich
are K1 (L mg�1) and Kf (L mg�1 ), which are
approximately calculated from the plot between Ce=qe
and Ce and between Lnqe and LnCe, respectively. The
qe is the equilibrium adsorption capacity (mg g�1),
the Ce is the equilibrium concentration (mg L�1), and
the qm is the maximum capacity for adsorbing metal
ions (mg g�1). The adsorption isotherms indicate
the communication of the equilibrium concentration of
the analytes and the adsorbed quantity. Furthermore,
it helps to develop e�ective adsorption systems by
presenting valuable data about the probable adsorption
mechanisms. In this research, the experimental data
related to adsorbing ions of Cd+2 and Pb+2 for GOF
adsorbent were compatible with the adsorption equa-
tions of Langmuir and Freundlich to calculate various
adsorption parameters (Figures 11 and 12). Consider-
ing related data presented in Table 3, it was found that
the Langmuir equation (for both Cd+2 and Pb+2) with
R2 > 0:990 well met the isotherm data. The �tness
of Langmuir data to interpret experiments suggested
that the adsorptions of Cd+2 and Pb+2 were restricted

Figure 11. The Langmuir isotherms for the adsorption of
Cd+2 and Pb+2 on GOF adsorbent.

Figure 12. The Freundlich isotherms for the adsorption
of Cd+2 and Pb+2 on GOF adsorbent.

Table 3. Isotherm parameters for the adsorption of Cd+2

and Pb+2 using GOF.

Model Parameters Pb+2 Cd+2

Isotherm

Langmuir
qm (mg g�1) 400 333.33

K1 (L mg�1 ) 0.30 0.23

R2 0.99 0.99

Freundlich
Kf (L mg�1) 104.02 71.69

n 2.99 2.71

R2 0.89 0.94

to monolayer cover. Also, considering the functional
groups with notable interaction with targeted analyte
ions, the surface was almost homogenous.

Based on the data reported in Table 3, it could be
found that the qm of GOF was equal to or rather than
the other studied adsorbents. This could be related to
the excellent combining desire of active groups such as
triazine, carboxylic, amine, and hydroxyl to produce
steady complexes with Pb+2 and Cd+2.

3.4. Kinetic study
In the adsorption process, kinetics studies play a
signi�cant role as they provide vital knowledge about
the mechanism and pathway of reaction; they can also
describe the uptake rate of solutes from an aqueous
environment to a solid-phase interface. Hence, kinetics
models were utilized for predicting changes in adsorbed
analytes over time by applying synthesized GOF adsor-
bent. The pseudo-�rst-order and pseudo-second-order
equations were applied to analyze the experimental
data. By doing so, it was possible to provide the kinetic
models representing adsorbing Cd+2 and Pb+2 ions on
GOF. Table 4 shows the related rate equations.

In these two equations, qe (mg g�1) and qt (mg
g�1) were adsorption capacity at equilibrium and the
time (min), respectively. Also, the k1 (min�1) was the
rate constant of the pseudo-�rst-order, and the k2 (g
mg�1 min�1) was the rate constant of the pseudo-
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Table 4. Parameters and kinetics models for the adsorption of Cd+2 and Pb+2 using GOF.

Model Parameters Pb+2 Cd+2

Pseudo-�rs order:
Ln (qe � qt)= Ln qe � k1t

k1 (min) 2.038 2.510
qe(cal) (mg g�1) 6.097 12.480

R2 0.990 0.980

Pseudo-second-order:
t
qt

= 1
k2q2e

� t
qe

k2 (g mg�1 min�1) 0.590 0.270
qe(cal) (mg g�1) 15.720 16.640

R2 0.999 0.999

Experimental data qe(exp) 14.950 14.910

Figure 13. Pseudo-�rst-order kinetics models for the
adsorption of Cd+2 and Pb+2 on GOF.

Figure 14. Pseudo-second order kinetics models for the
adsorption of Cd+2 and Pb+2 on GOF.

second-order. All values of the kinetic parameters
were computed by plotting the Ln (qe � qt) and t=qt
versus t associated with the pseudo-�rst-order and
pseudo-second-order model, respectively. Results in
Figures 13 and 14 clearly show that the theoretical
qe values calculated by the pseudo-second-order model
for both Cd+2 and Pb+2 ions were almost near the
experimental qexp values than the other model. Since
R2 amounts were more than 0.990, adsorbing Pb+2 and
Cd+2 by GOF was properly illustrated by the kinetic
model of pseudo-second-order. This demonstrated that
the source of the mighty chemical energy between the
adsorbent and the adsorbates was the mighty surface

complexation of metal ions with the GOF functional
groups [42,43].

3.5. Adsorption mechanism
The process by which metal ions are adsorbed via
graphene oxide might be associated with surface com-
plexation, ion exchange, and electrostatic with epoxide,
hydroxyl, and carboxyl groups based on pH [44,45].
However, because of the restrictions of the functional
groups and improperly interacting with the ions of
heavy metals, GOF was prepared with H3TATAB, a
robust complexing agent, which contained triazine and
the amino group. Using this linker in the structure
of GOF improved adsorption properties. The linked
H3TATAB on the GO sheets as a robust bidentate lig-
and developed special linkage potential toward ions of
most heavy metals and formed complexes with targeted
ions by chelation. Typically, GO has epoxide, hydroxyl,
and carboxyl groups, but they do not have powerful
linking sites like H3TATAB. At pH=8 for Cd+2 and
pH=5 for Pb+2 as optimum pH, the functional groups
of H3TATA and other groups containing oxygen are
present on the GOF surface in the deprotonated and
ionized forms. In such a situation, the process of
adsorbing metal ions was under the domination of
a powerful surface complexation with H3TATAB and
the interactions of electrostatic forces with groups
containing oxygen. It was found that the order of
GOF capacity for adsorption of both heavy metal ions
tested was Pb+2>Cd+2. These di�ering amounts may
be caused by various complexation mechanisms and the
metal ions, tendency toward a number of functional
groups [46{49].

3.6. E�ect of interference ions
The presence of foreign ions in the solution can have
a remarkable e�ect on the adsorption of target ions on
the surface of the adsorbent. To examine the reliability
of the proposed method, di�erent foreign ions (Zn+2,
Ni+2, Fe+2, NO�1

3 , and Cl�1) were added to a 25 mL
standard solution containing 10 mg mL�1 Cd+2 and
Pb+2 ions, and the removal procedure was performed
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according to the general procedure. The tolerable limit
was de�ned as the highest number of foreign ions that
produced an error not exceeding 5% in the removal
of Cd+2 and Pb+2 ions. The results showed that the
extraction by the synthesized absorbent does not a�ect
the presence of these ions and indicates the selectivity
of the adsorbent toward the target ion. Additionally,
adsorbents can be used in samples that typically have
this ion in a high percentage.

3.7. Analysis of the real sample
Due to the heterogeneity and complicacy of real
samples, the removal e�ciency of adsorbent on the
model wastewater prepared in the laboratory might be
di�erent from that of the environmental water samples.
So, it is necessary to investigate the e�ciency of adsor-
bent under real environmental samples. The removal
procedure by synthesized adsorbents was successfully
applied to remove Cd+2 and Pb+2 ions spiked to
di�erent water samples (Karoon river). The results
showed that under the optimized conditions, more than
95% (RSD<3%) of the Cd+2 and Pb+2 ions could be
removed from the aqueous solution. As a result, this
adsorbent is feasible and suitable for application at the
�eld level.

3.8. Comparing this adsorbent and technique
with some di�erent adsorbents

The extraction e�ciency of the presented method
was compared with other reported methods from the
viewpoint of adsorbent capacity and time of extrac-
tion [10,49-53]. Comparison results of the remarkable
e�ciency of GOF adsorbent and proposed method with
di�erent existing methods for adsorption and removal
of Cd+2 and Pb+2 is exhibited in Table 5. The
selection of the most suitable adsorbent depends on
several items, including cost-e�ectiveness, extraction
e�ciency, extraction time, and reusability. However,
most of these techniques have several limitations, such
as much time to analyze and low capacity. These
limitations make them unsuitable for conventional
analysis of cases. These results show that the new

synthesized GOF has high extraction e�ciency and a
very short extraction time. This can be due to the
di�erences in adsorbent properties such as chemical
structure, surface area, porosity, and functional groups.
According to the results, it is clear that the chosen
ligand and technique to fabricate GOF and �nd optimal
conditions with the help of the ultrasonic approach
were su�cient for the best performance of the GOF
adsorbent.

3.9. Reusability of adsorbent
The regeneration and reuse of adsorbents are one of the
most important challenges in assessing their potential
for practical applications. After regenerating the GOF
adsorbent, it would be reusable to uptake the analytes
of Pb+2 and Cd+2. After every extracting process, the
adsorbent simply underwent regeneration by washing
with 10 mL of HCl 0.2 M to make it reusable. It was
found that the GOF adsorbent was reusable �ve times,
and it preserved the capacity to absorb at a relatively
steady value (Figure 15). By assessing the adsorbent
constancy over several months, it was determined that
it was steady for at least 12 months. Finally, the GOF,
with excellent abilities for adsorption and outstanding

Figure 15. Reusability of the GOF adsorbent for the
adsorption of Cd+2 and Pb+2 ions.

Table 5. Evaluation of adsorption capacities of various adsorbents for Cd+2 and Pb+2.

Entry Adsorbent
Adsorption capacity

(mg g�1 )
Pb+2 Cd+2 Contact time (min) Ref.

1 Zeolite N.P./PEG/GO 49.6 50.2 20 [49]
2 rGO-Fe3O4@polydopamine 35.2 { { [10]
3 Oak wood ash/GO/Fe3O4 47.16 43.66 { [50]
4 Cyclodextrin-GO { 222.2 120 [51]
5 Zeolitic imidazolate framework-L/GO 27.7 172.4 { [52]
6 Magnetic iron oxide/GO { 52.1 180 [53]
7 GOF 400.0 333.3 2 This work
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capability to be recycled in all respects, is a perfect
adsorbent to remove ions of heavy metals.

4. Conclusion

In this paper, a new Graphene Oxide Framework
(GOF) has been successfully synthesized and charac-
terized. The GOF exhibits superior adsorption perfor-
mance for contaminants of Pb+2 and Cd+2. According
to integrating the in-depth bulk adsorption and the
surface adsorption, scholars attribute this property to
the interlinked pore network of GOF and the impact
of interlayer trapping. Some factors in
uencing the
amounts of adsorbing Pb+2 and Cd+2 were examined,
including the adsorbent amount, the ions, primary
concentration, solution pH, and contact duration. The
results of batch adsorption were properly matched with
the Langmuir model with the qm of 333.3 m2/g for
Cd+2 and 400.0 m2/g for Pb+2. These results were
notably better in comparison to graphene oxide. The
sorption mechanism included chelating the electrostatic
interaction between GOF nano-sorbent, Cd+2 and
Pb+2 and interaction ��� stacking. The GOF-speci�c
characteristics (high adsorption amount, high removal
e�ciency, and excellent recyclability), together with
the stability, make the shown heterogeneous system
very desirable from the green chemistry point of view.
Finally, these encouraging results indicate that the
suggested technique involving the chosen linker, the
technique to modify GO, and �nding the optimal
conditions accelerated by ultrasonic was adequate for
the GOF adsorbent to have the best performance.
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