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Graphene oxide–chitosan composites are attracting considerable interest as an eco-
friendly adsorbent material for most aquatic environmental pollutants. Today, the focus is
on the emerging applications of 2D and 3D graphene functionalized with chitosan to
enhance its mechanical properties and adsorption efficiency. Herein, the super adsorbent
3D graphene functionalized with chitosan (3D GF-CS) is synthesized to remove
sulfamethazine, (SMZ) as a model aquatic antibiotic pharmaceutical. The synthesized
materials were characterized by scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR),
X-ray photon spectroscopy (XPS), Brunauer–Emmett–Teller (BET), and Raman
spectroscopy. After that, adsorption experiments were conducted for SMZ adsorption
to find out the optimized adsorption parameters, such as pH, temperature, contact time,
initial antibiotic concentration, and adsorbent dosage. The results show the optimal
adsorption parameters were as pH of 7, temperature of 25°C, initial antibiotic
concentration Ci of 50 ppm. Also, the kinetics, isotherms models, and thermodynamics
parameters of SMZ adsorption were studied. The experimental results revealed to be best
suited by both the pseudo-second-order kinetic and the Freundlich isotherm model
compared with other isotherm models. The thermodynamics parameters
demonstrated that the adsorption is exothermic, exhibiting higher adsorption efficiency
at lower temperature. In addition, Gibb’s free energy suggested the adsorption to be
spontaneous as well as entropy indication of the loss of disorder. Furthermore, the
regeneration of 3D GF-CS was utilized in ten consecutive cycles, and the SMZ
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adsorption capacity did not decline significantly. Additionally, this research studied the
adsorption energies and how sulfamethazine adsorbs onto 3D GF-CS was determined by
applying the density-functional–based tight binding (DFTB) and Monte Carlo simulations at
different adsorption positions. The chemical reactivity (local and global) of the free drug was
investigated using the density functional theory (DFT), namely, the B3LYP and PBEPBE
functionals with the 6–31+G (d, p) basis set in the gas phase and aqueous solution.

Keywords: sulfamethazine, adsorption, chitosan, graphene oxide, density-functional–based tight binding

1 INTRODUCTION

Pharmaceuticals and personal care products (PPCPs) are
considered to be trace amounts of organic pollutants found in
the environment, which have attracted the interest of several
research studies (Wang and Wang, 2016; Wang J. et al., 2019).
They are not only regarded as having a toxic impact on aquatic
microbes but also as possible risks to humans in a variety of ways
(Tang and Wang, 2018; Wang and Wang, 2018; Zhuang et al.,
2019).

Water treatment plant techniques are not always capable of
removing these pollutants (Tang and Wang, 2018; Wang and
Zhuang, 2019). As a result, various studies on the removal of
pharmaceuticals and PPCPs from aqueous solutions have been
conducted (Tang and Wang, 2018). Sulfamethazine (SMZ), one
of these PPCPs, has been largely regarded as a typically targeted
pollutant (Shen et al., 2015).

Several studies and methodologies have been used to remove
PPCPs, including adsorption (Jianlong et al., 2002), ionizing
radiation, electroanalytical oxidation, dielectric barrier
discharge (Wang and Wang, 2019), Fenton-like oxidation
(Danalıoğlu et al., 2017), and biodegradation (Ncibi and
Sillanpää, 2017). Because some PPCPs, such as DMP, are
endocrine disruptors, using microbes to remove them can
result in the creation of endurance strains. Furthermore,
modern oxidation methods such as gamma irradiation and the
Fenton-like reaction cannot completely remove PPCPs, and
numerous intermediates and products may be produced
during the termination step, transferring them to more
harmful compounds (Westerhoff et al., 2005).

Adsorption is commonly used nowadays to remove
pharmaceuticals and certain organic contaminants from water
and wastewater because of its simplicity of operation, cheap cost,
and high adsorption effectiveness (Li et al., 2019; Chen et al.,
2020; Medetalibeyoğlu et al., 2020; Veclani and Melchior, 2020).

Because some PPCPs, such as DMP, are endocrine disruptors,
using efficient microorganisms as an environment-friendly
method for the bioremediation of soil from the antibiotic
pollutant is efficient, but this operation is considered so
complex since the behavior of microorganisms is unexpected
and it can result in the creation of endurance strains
(Mohammadi et al., 2021). Furthermore, modern oxidation
methods, such as gamma irradiation and Fenton-like methods,
Gamma irradiation and Fenton-like oxidation are effective
methods for the degradation of toxic of PPCPs through the
generation of oxidizing agents. Even though Fenton-like

oxidation has many drawbacks like the acidic condition should
be kept to avoid iron precipitation and the need for acidifying and
alkalinizing agents before the downstream treatments for
preventing forming harmful compounds formulation (Akrami
et al., 2019) as well, even the gamma irradiation has excellent
penetration to waste water and formation of an oxidized element
to break organic and inorganic pollutants, it still has its
drawbacks as it cannot completely remove PPCPs, and
numerous intermediates and products may be produced
during the termination step, transferring it to more harmful
compounds (Eftekhari et al., 2020; Eftekhari et al., 2022).

Graphene oxide, reduced graphene oxide, magnetic graphene
oxide, andmagnetic reduced graphene oxide are different types of
composites for removal of organic and inorganic pollutants from
aqueous environment such as drugs, antibiotics, heavy metals,
and dyes (Ghadirimoghaddam et al., 2021; Eftekhari et al., 2022).

Recently, two and three-dimensional nanostructures have
been attracting considerable interest in a variety of
applications (Novoselov et al., 2012; Karimi et al., 2022). Since
these nanostructures have unique physicochemical features, 2D
graphene has shown to be an interesting material capable of
enabling the development of new science and technology (Meyer
et al., 2007; Bai et al., 2011; Razmjou et al., 2020).

Some of the research studies addressed 2D graphene structures
and derivatives for a variety of sectors and applications such as
energy storage, sensors, and occasionally in medical and
aerospace (Qi et al., 2018; Tajik et al., 2021). One benefit is
the presence of negative functional groups that belongs to
graphene oxide (GO) surfaces may be employed to remove
heavy metals and cationic dyes generated by electrostatic
interactions (Johra et al., 2014; Xiong et al., 2020; Jiao et al.,
2022). Three-dimensional graphene (3D) is a key subject of study
in order to take use of the unique chemical and physical
properties of 2D graphene skeleton for a range of applications,
including macroscopic applications. Because of its porous
structure and the reach of active sites with huge surface area,
in addition to its regeneration capabilities, 3D graphene is one of
the most efficient adsorbents (Xu et al., 2020; Eftekhari et al.,
2022). Crosslinking agents were utilized to improve the
mechanical properties of 3D by causing different bonding and
some gelation of graphene oxide sheets, which has the added
benefit of allowing active functional groups to be attached to the
3D network and the development of interconnecting porosity
channels (Dimiev and Tour, 2014).

Chitosan-functionalization is one of several surface
functionalization procedures that are regarded to be a realistic
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way to increase adsorbent capacity and selectivity for
sulfamethazine interactions. Several effects like pH,
temperature, and initial SMZ concentration on the 3D GF-CS
adsorption capacity were investigated, and the optimal
experimental conditions were determined.

In this work, a sheet of graphene oxide was employed to create
3D GF-CS by crosslinked polymerization, which was
subsequently functionalized with chitosan. TEM, SEM, Raman,
TGA, and FTIR were used to characterize GO after it was
synthesized and bonded to CS. The synthesized material was
employed for sulfamethazine adsorption from aqueous solution
and showed good adsorption capability as well as excellent
regeneration. To add to the novelty of this study, Monte Carlo
simulations and density-functional–based tight-binding (DFTB)
were used to analyze the adsorption energies and how
sulfamethazine adsorbs onto Graphene Oxide–Chitosan at
various adsorption sites (3D GF-CS). Additionally, using
density functional theory (DFT), the chemical reactivity (local
and global) of the free drug was examined using the B3LYP and
PBEPBE functionals with the 6-31+G (d, p) basis set. In addition,
the free drug’s chemical reactivity (local and global) was
examined using density functional theory (DFT), namely the
B3LYP and PBEPBE functionals with the 6-31+G (d, p) basis set
in gas phase and aqueous solution.

2 MATERIALS AND METHODS

2.1 Chemicals and Materials
All chemical reagents and solvents used in this study were pure and
analytical quality and were obtained from Sigma Aldrich in the
United States. Chitosan (medium molecular weight), graphite
powder, sulfamethazine, [4- amino -N-(4,6-dimethyl-2-
pyrimidinyl) benzene sulfonamide, SMZ] (SMZ 99.0%),
N-Hydroxysuccinimide (NHS), N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC) in 2-(N-Morpholino)-
ethanesulfonic acid, 4-morpholineethanesulfonic acid (MES
buffer), deionized water, potassium dichromate (KMnO4)
(99%), sulfuric acid H2SO4 (96%), hydrogen peroxide H2O2

(35%), and hydrochloric acid (4%).

2.2 Synthesis of 3D GF-CS
Graphene oxide (GO) was synthesized using Hummer’s approach
with modification (Emadi et al., 2017). A measure of 1 g of
graphite solid was dissolved in approximately 23 ml of 96% (v/
v) H2SO4 solvent and swirled in a three-necked flask for 36 h.
The resulted mixture was chilled in an ice-water bath with
addition of 5 g of potassium dichromate (KMnO4), causing the
solution’s color to shift from black to dark green. Then, the
mixture was transferred to an oil bath at 38–40°C with agitating it
for half an hour before it was heated to 70°C for around 45 min.
The solution’s color went from pale brown to dark brown. Then
the suspension mixture was carried to a three-necked flask and
dispersed with distilled water and heated to 105°C. After that,
about 150 ml of distilled water with 15 ml of 35% (v/v) H2O2 were
added to the solution to stop and end the process. The solution’s
color was a yellowish-brown. The obtained GO was rinsed for

7 min using centrifugation at 11,000 rpm in the final phase. After
the supernatant was removed, the precipitate was washed several
times with 4% HCl (v/v), followed by deionized water. To
synthesize GO-CS, an amidation method of GO with Chitosan
(CS) together with EDC and NHS was employed (Khalaf et al.,
2021a). An amidation technique of GO with CS in the presence of
both EDC and NHS which they were used to synthesize GO-CS.
To achieve a homogeneous colloidal mixture, 0.125 g of CS and
0.1 g of GO were sprayed in 25 ml of MES buffer (0.1M,
pH adjusted to about 6) in a sonicator bath at about 25°C for
60 min. Under nitrogen gas and mixing 0.3 g of EDC with 0.4 g of
NHS in the solution for 20 min, the suspension solution was
sonicated and agitated for more than 20 h. At this point, a 0.2-
micron nylon microporous membrane was used to filter the
solution, and then washed with a 0.1 M acetic acid solution to
eliminate some of the CS residues. The obtained solid was re-
dispersed and dialyzed with DW at room temperature for 3 days
(Khalaf et al., 2021b). We employed glutaraldehyde double-
crosslinking and then hydrothermal with EDA working in
both chitosan functionalization and cross-linking to establish
the double-cross-linked chitosan-functionalized 3D graphene
structures. This compound was used as an adsorbent and was
labeled 3D GF- CS.

2.3 Analytical Characterizations of 3D GF-
CS Networks
One of the most important instruments for characterization is the
scanning electron microscope SEM) which was used to examine
the morphology and surface of 3D GF-CS networks
(SU8000 Hitachi, Japan). A spectrophotometer was used to
record the Fourier Transform Infrared (FT-IR) spectra of the
synthesized materials with a range between 4,000 and 400 cm−1

(FTIR-SHIMADZU, Japan, Model: FTIR-8700). Another
important instrument is the Raman spectrometer model [laser
Raman spectroscopy (NRS-5100)] nitrogen-cooled germanium
diode detector and an ND: YAG laser producing an excellent NIR
line at 532 nm was used for the analysis. To study the surface
functional group of the synthesized polymer, X-ray photoelectron
spectroscopy (XPS) together with a PHI Versaprobe
5000 Scanning XPS with a monochromated Al K X-ray source
was involved. To calculate both the surface area and the volume
pore, the Brunauer–Emmett–Teller of nitrogen operating at 77 K
for adsorption/desorption isotherm was applied (Micromeritics,
Norcross, GA, United States). The thermogravimetric analysis
was studied using Thermal Analysis (TA instruments,
United States) to examine temperatures ranging from 25 to
700°C in a nitrogen atmosphere. Finally, X-Ray Diffraction
STOE q-q was employed with CuKa radiation and wavelength
1.5406 Å using a scintillation detector.

2.4 Batch Adsorption Experiments
Adsorption was used to assess the efficacy of SMZ removal from
generated aqueous solution. A series of batch experiments were
made in a 250 ml Erlenmeyer flask using a fixed SMZ
concentration (50 mg L−1) and 50 ml volume and kept in a
180-rpm shaking incubator (OrbitexLett D, Scigenics) to
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investigate the effect of pH (4–12), temperature (15, 30, 35, and
45°C), and initial adsorbent amount (25–100 mg). A UV-vis
spectrophotometer (U-2800 Hitachi Instrument, Japan) was
applied to measure the concentration of SMZ in solution at
455 nm each time. In our calculation, we used a linear
calibration equation curve between the absorbance and
concentration of the SMZ solution. The equation was used to
determine the new concentration of SMZ solution. The amount
of SMZ adsorbed on 3D GF-CS (mg g −1) and % adsorption was
calculated.

The SMZ adsorption behavior of the prepared 3D GF-CS
networks was studied using Eqs 1–3 to calculate the adsorption
capacity which is presented by q and has a unit of (mg. g−1); also,
the removal efficiency is presented by η% and the adsorption rate
which is denoted by r and a unit of (mg.g−1. min−1).

q � (co − c)/x, (1)
η% � co − c

co
× 100%, (2)

r � Δq
Δt

, (3)

where Co (mg L−1) expresses the beginning of SMZ concentration
in the prepared solution, while C of a unit of (mg L−1) expresses
the residual SMZ concentration at any point throughout the
adsorption experiment. The X coefficient is the adsorbent dosage
(gL−1) that was placed in the solution, and finally, t is the time
period (min).

All of the adsorption experiments were repeated at least three
times to ensure the data’s validity and reproducibility, and the
mean values were used to illustrate the results. The largest
variation of repeated experiments was frequently less than 3%.
Furthermore, to account for any SMZ that may have remained on
the sides of the glass or other loss when the experiment was
repeated several times and the control experiments were
performed using the same batch parameters but without the
adsorbent.

2.5 Adsorption Kinetics Studies
The kinetics and mechanism of SMZ adsorption on 3D GF-CS
have been studied using pseudo-first-order and pseudo-second-
order models (Hanbali et al., 2020a; Hanbali et al., 2020b). In
separate 250-ml Erlenmeyer flasks, 50 ml of different beginning
SMZ concentrations (50, 100, 200, 300, and 400 mgL−1) were
created; then, specified adsorbate masses were added and
incubated for 20 min at 25°C and 200 rpm. The linearized plot
of the pseudo-first-order is expressed in Eq. 4 (Jodeh et al., 2021):

ln(qe − qt) � ln qek1t, (4)
where k1 (min−1) denotes the pseudo-first-order rate constant, qt
(mg g−1) the amount of SMZ adsorbed at time t (min), and qe (mg
g−1) the amount of SMZ adsorbed at equilibrium. Plotting ln
(qe−qt) vs. t provided the pseudo-first-order parameters k1 and qe
(min). The pseudo-second-order model is expressed in Eq. 5
(Jodeh et al., 2018):

t/qt � 1/(k2(qe)2) + t/qe. (5)

The constant qt (mg g−1) is representing the amount of SMZ
adsorbed at time t, while the constant qe (mg g−1) is the value of
SMZ adsorbed at equilibrium, and k2 (g mg−1 min−1) is the rate of
adsorption constant. qe and k2 are calculated using the slope and
intercept of the linear plot of t/qt values versus t. R2 value was
found to find the optimum kinetic model.

2.6 Adsorption Isotherm Studies
Adsorption equilibrium tests were placed in 250 ml Erlenmeyer
flasks with 50 ml of SMZ solution added at concentrations
starting from 50–400 mg L−1 to examine the collision and
compute the maximum adsorption capacity of SMZ on 3D
GF-CS. The flask is generally incubated in a shaking incubator
at 200 rpm and 25°C for around 24 h. The concentration of SMZ
was measured using a UV–visible spectrophotometer. The
adsorption isotherm was applied to both isotherms, Langmuir
and Freundlich isotherms. The model of Langmuir isotherm,
according to the literature, requires monolayer adsorption at
limited sites that is energetically equivalent, with no
interaction between surrounding adsorbed molecules (Massad
et al., 2022). The linearized version of the Langmuir model is
given in Eq. 6:

Ce/qe � 1/Kl × qe + Ce/qm, (6)
where the variable qm (mg g−1) is representing the maximum
adsorption capacity during adsorption and the constant KL (L
mg−1) is usually used for the Langmuir constant which expressed
the adsorption capacity. Both constants qm and Kl were
calculated using the slope and intercept of the linearized
equations of the plots between Ce/qe and Ce. To assess
whether or not the adsorption is favorable, the dimensionless
separation factor (RL) was computed using Eq. 7.

RL � 1/1 + Kl × C0. (7)
If the value of RL is between 0 and 1, it means unfavorable
adsorption; if RL = 0, it denotes irreversible adsorption; and if
RL = 1, it denotes linear adsorption.

The Freundlich isotherm model, on the other hand, is often
employed to simulate adsorption on heterogeneous surfaces. The
linearity of the Freundlich isotherm model is represented by
Eq. 8:

Ln qe � LnKf + 1n × logCe. (8)
Kf is representing the Freundlich constant that defines adsorption
capacity, and the value of 1/n is the heterogeneity factor. A
favorable adsorption system has a n value greater than one.
The values of Kf and n are usually measured by using both
the slope and intercept of the linear plot of Ln qe vs. Ln Ce
(Massad et al., 2022).

2.7 Adsorption Thermodynamic Study
To investigate SMZ adsorption on 3D GF-CS samples,
thermodynamic parameters were employed in Eq. 9 was used
to calculate the Enthalpy change (ΔH°) (kJ mol−1) and the change
in entropy (ΔS°) (J mol−1 K−1) (Ferreira et al., 2017).
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LnKc � ΔS°/R + ΔH°/RT, (9)
where Kc denotes the adsorption thermodynamic equilibrium
constant, R represents the universal gas constant
(8.314 J mol−1K−1) and T is the temperature (K).

Gibb’s free energy (kJ mol−1) was computed using the (H°) and
(S°) values from Eq. 10:

ΔG � ΔH° − ΤΔS°. (10)

2.8 Study of Reusability of 3D-GNf Networks
Desorption/adsorption generation was studied using batch tests.
50 ml of the best pH-adjusted SMZ solution with 100 mgL−1 SMZ
concentration and 2.0 gL−1 adsorbent dosage was continuously
shaken at 200 rpm and about 25°C to reach equilibrium. To avoid
any unabsorbed SMZ remains, the 3D GF-CS was washed with
DW many times after equilibration. To remove the adsorbed
SMZ from 3D GF-CS, the concentrated adsorbent was washed
with a solution of 1.0 M NaOH as eluent.

The adsorbent was rinsed with DW again before being utilized
for SMZ adsorption to eliminate excess alkalinity. This study was
repeated 10 times.

2.9 Computational Details
2.9.1 DFT Study
All computational studies in the currentworkwere done using several
series of Gaussian 09 software and then using density functional
theory (DFT) (Carmona-Espíndola et al., 2015). Geometries of the
SMZmedication were optimized using B3LYP (Yang andWu, 2002;
Geerlings et al., 2012) and PBEPBE (Wu et al., 2006; Peverati et al.,
2011), functionals with the 6-31+G (d, p) basis set (Peng et al., 2016;
Furness et al., 2020). The harmonic vibrational frequencies were
found by computing analytical frequencies using the stationary points
used to verify that the structure is minimum with no imaginary
frequencies at the theoretical level.

For the computation of the electrical properties in this study, the
Def2TZVP basis set was used (Weigend and Ahlrichs, 2005). The
chemical reactivity (global and local) of the investigated medication
was retrieved using the Multiwfn program (Lu and Chen, 2012).
Within the DFT conceptual framework, key chemical characteristics
that govern the global reactivity of the SMZ drug, such as several
parameters including chemical potential (μ), hardness (η),
electronegativity (χ), electrophilicity (ω), and softness (s) were
defined as (Geerlings et al., 2003; Dimakis et al., 2021):

μ � (zE

zN
)

v( �r) � −χ; η � 1
2
(z2E

zN2
)

v( �r). (11)

The abovementioned formulas and additional global reactivity
indices may be expressed using a finite difference approximation
and Koopmans’ theorem (Young, 2001; Jensen, 2017; Bethe and
Jackiw, 2018):

μ ≈ − 1
2
(I + A) ≈ − 1

2
(∈H + ∈L); η

� 1
2
(I − A) ≈ − 1

2
(∈L + ∈H), S � 1

η
,ω � μ2

2η
. (12)

The energies of both highest occupied and lowest empty
orbitals are denoted by ∈H and ∈L, respectively. I and A
represent the ionization potential (I = - ∈H) and electron
affinity (A = - ∈L), respectively, as supported by Janak’s
Theorem. Electron donating (ω−) and electron receiving (ω+)
powers have been determined (Gázquez et al., 2007; Burke, 2012).

ω+ � (3I + A)2
16(I − A) andω

− � (I + 3A)2
16(I − A). (13)

A higher value of ω+ indicates a system’s proclivity to take charge,
whereas a lower value of ω− indicates a system’s proclivity to
donate electrons. To compare ω+ with −ω−, the net
electrophilicity has been suggested (Chattaraj and Roy, 2007):

Δω± � ω+ − (−ω−) � ω+ + ω−. (14)
Δω± refers to the electron absorbing power in comparison to the
electron providing power. The condensed Fukui functions may
also be used to calculate the reactivity of each atom in a molecule.
The expressions that represent these functions are as follows:

f+
k � qk(N + 1) − qk(N)(for nucleophilic attack), (15)

f−
k � qk(N) + qk(N − 1)(for electrophilic attack), (16)

where qk is the gross charge of the molecule’s atom k. The
condensed Fukui functions were computed with the Multiwfn
program, beginning with single-point calculations of the systems
N, N-1, and N + 1 electrons using the Def2TZVP basis set at the
optimal structure obtained with the 6-31+G (d, p) basis sets.

Even better, Ayers et al. (2007), Cárdenas et al. (2009), Morell
et al. (2013), and Wang Y. G. et al. (2019) introduced a local
reactivity descriptor (LRD) known as the dual descriptor (DD) f
(2) (r), which is as follows:

(DD)f2(r) ≡ Δf(r) � f+
k(r) − f+

k(r) � ρL − ρH. (17)

2.9.2 DFTB
The DFTB + software tool was used to perform all density-
functional–based tight-binding (DFTB) calculations (Aradi
et al., 2007; Hourahine et al., 2007; Hourahine et al., 2020).
DFTB+ is a complete open-source software suite that allows for
fast and efficient atomistic quantum mechanical simulations. It
enables reasonably accurate simulations of huge systems and long
timescales and at the same time significantly faster than the used ab
initio methods by applying different density functional theory
(DFT) approximations, like the density-functional–based tight-
binding (DFTB) and also the extended tight-binding method
(Hourahine et al., 2020). When it comes to organic matter,
insulators, solids, clusters, semi-conductors, and metals, DFTB
is efficient and exact; it is also relevant to biological systems.
We used the 3OB–Koster library set to calculate the possibility
of interaction and collision between the pairs of C, N, O, H, and S.
The convergence tolerance was found to be 0.01 kcal/mol for
energy, 0.1 kcal/mol for force, and finally the displacement was
0.001. Figure 1 illustrates the model of the 3D GF-CS. The model
has oxygenated functional groups (-OH, epoxy, and COOH) and
also three side grafted chitosan chains.
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As indicated in previous work (Berisha, 2021), the following
equation was used to calculate the adsorption energies Eads for all
systems:

Eads � E3DGF−CS|SMZ − (E3DGF−CS + ESMZ), (18)
where E3DGF-CS |SMZ represents the total energy of the 3DGF-
CS and adsorbed SMZ molecule, E3D GF-CS represents the
energy of a clean 3D GF-CS surface, and ESMZ represents the
energy of an isolated SMZ molecule. Under this concept, a
negative value of Eads belongs to an almost stable
adsorbate–substrate system.

2.9.3 Monte Carlo Calculations
In the simulated adsorption environment, Monte Carlo (MC)
calculations are utilized to investigate the interaction between SMZ
and the modeled 3D GF-CS surface. The 3D GF-CS surface, 1 SMZ,
and 3,500watermoleculeswere used in theMCcomputations. For the
simulations, MC (Monte Carlo) computations, the widely known
COMPASS III forcefield was utilized (Ljungberg et al., 2012).

3 RESULTS AND DISCUSSION

3.1 Characterization
3.1.1 FT-IR Analysis
As shown in Scheme 1 CS was attached to GO by amide linkage
between both carboxylic acid of GOand the amine groups of chitosan
by adding both EDC and NHS using MES buffer. In this case, the
EDC activated the carboxylic acid groups in the GO and the NHS
giving stability for the ester between GO and CS. The active ester that
gained stability will react with the amine groups that are attached to
CS establishing an amide group (Bao et al., 2011). As well, an extra
amount of CS was added to degrade the excess carboxylic groups of
GO, and the excess of unreacted CS was removed throughout
filtration. GO, CS, and 3D GF-CS were characterized by FT-IR,
and the results are shown in Figures 2A–C. The spectra of GO show
peaks at 1,300, 1,633, 1740, 2,900, and 3,430 cm−1 which are
corresponded to different oxygen-containing functional groups
corresponding to the C–O–C stretching vibrations, C–OH

stretching, C–C stretching mode of sp2 carbon skeleton, C–O
stretching vibrations of the –COOH groups and OH stretching
vibration bonds respectively. The FTIR spectra of CS show a peak
at 3,445 cm−1 corresponding to N–H stretching vibration of amino
group, a peak at 1,645 cm−1 corresponding to the C=O stretching
vibration of amide, and a peak at 1,550 cm−1 corresponding to N–H
bending of–NH2. The FT-IR spectra of the 3D GF-CS show a
combination of characteristics peaks of CS and GO the intensity
band of N–H deformation of amino group, a peak at 1,550 cm−1 was
weakened compared to CS, and the peak carboxylic acid of GO at
1,740 cm−1 was weakened due to crosslinking reaction. On the other
hand, a new peak was observed at 1,640 cm−1 as an indication of an
amide linkage formation and new covalent functionalization between
carboxylic group of GO and amine in CS (Ramya et al., 2016).

3.1.2 SEM Analysis
The morphologies of synthesized 3D GF- CS were characterized and
studied using SEM technique. As shown in Figure 3, themultilayer of
graphene which looks wrinkled and silky-like proved the obtained
production of the GO. From SEM morphology of the 3D GF- CS
showed well attached and organized micro and mostly mesoporous
surfaces and structures with more chances to make functionalized
channels. At the same time, the three-dimensional porous network of
the fabricated GO/CS skeleton was achieved throughout
reorientation of chitosan while functionalization with graphene,
and thus, 2D graphene matrix was not established. We obtained a
3D network with an acceptable specific surface area and reasonable
number of active sites with hierarchically ordered pore size
distribution (Karandish et al., 2018; Sobhan Ardakani et al., 2020).

3.1.3 Raman Spectrum
In several studies as in ours, the Raman spectrum of GO layer has
bands marked as D, G, and 2D bands and shown in Figure 4. The
first-orders of the D and G peaks consist of the vibrations of sp2

carbon shown at around 1,344 and 1,597 cm−1, respectively. The
D-band reveals the disorders of crystalline materials and the defects
associated with and accompanied by vacancies and grains (Lu et al.,
2009). It is clear that both shape and the position of theDpeak shift as
the thickness of graphene oxide changes. That shift and shape of
D-bandwhichwe call 2D appeared around 2,697 cm−1 and this has to

FIGURE 1 | Optimized geometry of the 3D GF-CS model.
FIGURE 2 | FTIR spectra of GO (A), CS (B), and 3D GF-CS (C).

Frontiers in Environmental Science | www.frontiersin.org August 2022 | Volume 10 | Article 9306936

Hamed et al. Removal of Sulfamethazine from Aqueous Solution

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


FIGURE 3 | SEM for the GO (A) and 3D GF-CS (B).

SCHEME 1 | Synthesis of 3D GF-CS.
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dowith the graphene layers. The G peak is caused by the stretching of
sp2 carbon pairs in both rings and chains. In summary, both graphene
oxide and 3D GF-CS have two major peaks appeared at 1,348 and
1,588 cm−1, which represents both the D and G bands of the
nanomaterials of based carbon. In this case, the ratio of sp3/sp2

which belongs to the hybridization of carbon ratio of the polymer
usually represents the degree of disorder and randomness and can be
present during the intensity and the ratio of the two bands D and G
(Li et al., 2013).

3.1.4 X-Ray Photon Spectroscopy (XPS)
In this study, XPS was used to investigate the elemental contents
of 3D GF-CS, CS, GO, respectively. As in the spectrum is shown
in Figures 5A–C from the figure which shows that the C1s XPS
spectrum has four kinds of carbon and is represented by different
valences. For C 1s peaks that belong to GO like C=O, C-O, and
O-C=O were shown at 283.9, 287.6, 287.2, and 288.9 eV. These
four kinds of carbon exist in the functionalized graphene oxide.
Figure 5B also shows different intensities ratios for the C1s of the
XPS spectrum of the 3D GF-CS. The polymer chitosan showed an
extra component at 286.1 eV representing the bond of carbonyl
(C-N). Clearly, it shows that the intensity of peaks which is
representing the carbon that has been oxidized in the 3D GF-CS
was very small and the ratio of C/O atomic is clearly increased to
4.7, showing that major of the epoxide in addition to the hydroxyl
groups almost not existed after chemical reaction with chitosan,
leading and showing the GO was successfully improved (Fan
et al., 2008). The peak of π – π* transition occurred in the basal
plane during some chemical retention of the C1s peaks which
belongs t O-C=O at 288.9 eV for the 3D GF-CS. From these
obtained intensities, one can find any atomic percentile that can
be calculated after functionalization. The summary of
quantitative analysis for these intensities is reported in Table 1
with the levels of oxygen and nitrogen.

FIGURE 5 | Spectra of XPS of (A) 3DGF-CS, (B) CS, and (C) GO.

TABLE 1 |Atomic composition of graphene oxide and functionalized with chitosan
3D GF-CS.

Element GO 3D GF-CS

C1s 62.03 78.44
O1s 36.94 16.33
N1s 1.03 5.23

FIGURE 4 | Raman spectra for 3D GF-CS.
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3.1.5 BET Analysis
The nitrogen adsorption/desorption isotherm technique from
3D GF-CS was used to determine the SBET values along with
the pore size of the distributions for the polymer. Figure 6
shows the physisorption isotherms of the polymer for
nitrogen. The physicochemical parameters obtained from
these isotherms were summarized in Table 2. Both
adsorption/desorption isotherms of 3D GF-CS nitrogen
correspond to the IV-type adsorption isotherm with a

hysteresis loop, which may be caused by the mesoporous
content of the polymer. We also noted the remarkable
increase in the low P/P0 region, which indicates the
existence of microporous sites in the polymer.

From Table 2, we can see that the 3D graphene framework
networks formed are due to the hydrothermal self-assembly and
the attachment of the chitosan functional groups on the graphene
surface causes an increase in the specific surface area. The high 3D
surface area of GF-CS can be attributed to a large number of

FIGURE 6 | Nitrogen adsorption and desorption isotherms of 3D GF-CS.

TABLE 2 | Physiochemical parameters obtained from XPS scan and nitrogen adsorption/desorption isotherm curves.

Sample ID C at % O at % N at % C/O SBET

(m2/g)
Vmicro

(cm3/g)
Vmeso

(cm3/g)
Vtotal

(cm3/g)
Vmicro % Vmeso %

3D GF- CS 90.7 4.7 2.2 19.3 1,016 0.454 0.600 1.060 43.07 56.93
GO 81.5 18.5 — 4.4 186.3 0.189 0.175 0.364 51.95 48.05
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amino and carboxyl groups in the chitosan molecule. After
functionalization with GO, new groups were introduced into
the compound, resulting in an increase in surface area. This

functionalization also caused ion exchange and van der Waals
force of adsorption on the inner and outer layers of the surface of
the composites. All these factors lead to BET-specific areas of the
material increased out (Liu et al., 2019). From the PSD curves of
the samples (Figure 6), the 3D polymer GF-CS was hierarchical
and contained both microporous and mesoporous polymer.
Moreover, the specific surface area increased from
187 m2 g−1–1,016 m2 g−1 due to the restructuring of the GO
sheets and layers that form the 3D scaffold and prevent
agglomeration. When we obtain higher SBET values, we
usually have more active sites, which results in 3D GF-CS
having a very high adsorption capacity. The total pore volume
was found to be 1.060 cm3 g−1 and the adsorption capacity is also
increased.

On the other hand, the mesoporous compound has a large
pore volume and the chitosan backbone contains amino groups,
which become positively charged NH3+ adsorption sites in water.
GO was not oxidized in the π-π-conjugate, which increases the
active adsorption site and increases the surface area, resulting in
the mass transfer of SMZ spreading in the solution and then
adsorbing on the adsorbent surface. The pore volume of 3D GF-
CS decreases to 0.45 cm3 g−1, which means that the reaction of
chitosan and GO does not destroy the graphene skeleton
structure. The whole process is based on 3D graphene (Wang
et al., 2020; Zandipak and Sobhanardakani, 2018).

Nitrogen adsorption/desorption was also used for porosity
analysis. As shown in Figure 6, both the BET surface area and
pore volume of 3D GF-CS are 1,015 and 0.45 cm3 g−1,
respectively. The main size of the pores is 3.8 nm, as indicated
in the inset of Figure 6.

FIGURE 7 | XRD of CS, GO, and 3D GF-CS.

FIGURE 8 | Thermogravimetric analysis (TGA) thermogram of Cs, GO, and 3D GF-CS.
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3.1.6 Analysis by X-Ray Diffraction
X-Ray diffraction (XRD) was used to study the crystalline and
lattice structure of 3D GF-CS. Figure 7 shows structure after
the functionalization of GO with CS. From the figure, the XRD
for the GO (crystal plane [001] is 2 θ = 9.839° this is an
indication for the oxygen-containing groups on the edges of
each layer, therefore the distance increased between inter
layers with pacing around 8.3 A°. Pure chitosan has two
peaks are 2 θ = 10° and 2 θ = 20°. when a functionalization
happened between GO with CS the peak of [002] was shown at
2θ = 26.568° which means that the interlayer distance of the
3D GF-CS was almost increased and caused a d-spacing of
about 3.67 A°. Moreover, it showed that the 3D GF-CS
exhibited an amorphous structure which was also found by
the XPS. In summary, the conversion of graphene oxide to 3D-
GF and the orientation of the crystal structure of the enlarged
graphene (3D-GF) were formed. This was also confirmed by
the appearance of the (002) diffraction peak at 25.5° and the
removal of the (001) peak at about 9.839° in XRD pattern
(Dreyer et al., 2010).

3.1.7 TGA Analysis
Thermogravimetric analysis (TGA) is one of the most important
analyses for the polymer and was performed under nitrogen
conditions using a TA instruments Q50 with a heating rate of
10°C min−1.

Thermogravimetric analysis Figure 8 of pure chitosan, pure
GO, and 3D GF-CS showed weight loss values of 15, 25, and 20%,
respectively, between temperature ranges below 1,500°C due to
water evaporation. The GO mainly shows high weight loss which
is thermally unstable. This high weight loss is related to water
evaporation and hydrophilic nature in the first phase of weight
loss. The second weight loss between 200–300°C is due to the
presence of oxygen functional groups, which reduce the thermal
stability and π-stack structure. Due to the oxidation product of
GO, which has a layered morphology with some oxygen
functional groups, the van der Waals forces between these
layers are weakened and some of the hexagonal carbons
consisting of some basal planes present inside the prepared
multilayer stacks of GO are disrupted. This leads to
decomposition of hydroxyl, epoxy, and carboxylic acid

FIGURE 9 | Effect on the removal of SMZ (A) SMZ initial concentration, (B) pH, (C) zeta potential, and (D) temperature using 3D GF-CS.
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functional groups on the surface and loss of other functional
groups such as sulfate groups and water molecules in the
interlayer at higher temperatures between 300°C and 400°C.
This leads to the production of steam, CO, and CO2. The last
phase of decomposition at higher temperatures above 400°C is
related to the decomposition of phenols and carbonyl and
unstable carbon radii in the structure and combustion of the
carbon skeleton.

On the other hand, most of the weight loss of pure chitosan is
observed in the temperature range between 200°C and 300°C,
which is due to the decomposition of the hydroxyl and amino
groups in the compound. At temperatures above 300°C, this is
due to the combustion and decomposition of the carbon skeleton
(Akhavan and Ghaderi, 2013).

Meanwhile, the 3D GF-CS seems to be more thermally stable
and effective because the combination of GO and chitosan
exceeds 400°C, so the stages of decomposition earlier are
similar to those shown on GO. The results showed a loss of
42% of most hydroxyl groups and epoxides after
functionalization with chitosan. The other weight loss of 14%
under 340°C was due to loss of degradation and accumulation of
the chitosan ring and may also be due to residual functional
groups on the 3D GF-CS polymer. Thus, thermal stability can be
illustrated by electrostatic attraction and hydrogen bonding,
which impede the movement of the chitosan chain through
the dispersion of GO. Moreover, the conformation of the
polymer molecule is more constrained than the intermolecular
forces, resulting in higher thermal stability (Akhavan and
Ghaderi, 2013).

3.2 Effect of Parameters on SMZ Removal
Efficiency
In order to study the removal and adsorption process of SMZ
onto graphene (3D GF-CS), several parameters were studied
including the effects of adsorbent dose, pH, and temperature
on SMZ removal efficiency in aqueous solution.

3.2.1 Effect of 3D GF CS Dosage
The effect of 3D GF-CS dosage on SMZ adsorption with an initial
SMZ concentration of 50 mg L−1 at 27°C and 120 min of
incubation is shown in Figure 9A. SMZ removal efficiency
was directly proportional to the increase in graphene dosage
in the SMZ solution. This has to do with the increased numbers of
available adsorption sites on the polymer surface which is coming
from the increased dose of adsorbent No major change in
removal efficiency was observed when the graphene amount
was raised from 50 to 150 mg. This might be due to the
saturation of all the available adsorption sites with SMZ. Also,
particulate interaction like aggregation usually results from a high
sorbent dose that causes a decrease in total surface area thus
negatively affecting the removal rate.

3.2.2 Effect of pH
The studied effect of pH (Jianlong et al., 2002; Shen et al., 2015;
Wang and Wang, 2016; Danalıoğlu et al., 2017; Tang and Wang,
2018; Wang and Wang, 2018; Zhuang et al., 2019; Wang and

Wang, 2019; Wang and Zhuang, 2019) on the removal and
adsorption of SMZ onto graphene at a constant concentration
of SMZ (50 mg L−1) and a fixed amount of adsorbent (50 mg) at
300 rpm and 26°C is shown in Figure 9B. Adsorption nature is
always considered to be highly dependent on the pH of the SMZ
solution. The removal efficiency of SMZ increased with the
increase in pH. At higher pH, the polymer exhibits a negative
surface charge that favors adsorption due to strong electrostatic
attraction forces between the graphene and SMZ.

Asmentioned before, the pH value showed a great effect on the
adsorption and controls the dissociation degree of the surface of
SMZ. In addition to that, the pH is very important for solubility
and producing sulfamethazine. The shapes in which
sulfamethazine exists were dependent on the pH values with
two dissociation constants of 2.36 (pKa, 1) and 7.48 (pKa, 2).
SMZ can be anionic or cationic depending on (Akhavan and
Ghaderi, 2013). The highest adsorption capacities usually exist
when SMZ is in neutral form.When decreasing pH, some parts of
neutral SMZ decreased while the anionic SMZ starts increasing.
Another thing is due to the huge amount of hydrophilic and may
be hydrophilic groups that exist on the surface of the polymer
making sulfamethazine to be removed by hydrophobic character
using these functional groups. From literature and previous
studies, sulfamethazine is mostly deprotonated at around
pH above 7 making it a negative ion in the solution. As a
result of electrostatic repulsion between SMZ and the presence
of the negative charge on the polymer, this will lead to a decrease
in the adsorption. The adsorption of sulfamethazine on the
polymer will be increased at the beginning and then decreased
for pH in the range between 3 and 10 as shown in Figure 9B.
From the Figure 9B at pH of fewer than 5.0, adsorption starts
increasing slowly. This may be explained due to the presence of
severe adsorption with the proton H+, leading to a decrease in
adsorption. During the increase of pH, the current type of
adsorption was decreased while SMZ adsorption has been
increased. The presence of weak deprotonating of amidogen
on SMZ makes the adsorption increase. It is also; clear that
pH between 5.0 and 7.0, SMZ there is a protonated neutral
molecule. This can be explained as a result of the presence of
the electron of benzene which can be drawn by the amide and
sulfonic of neutral SMZ which becomes a π electron acceptor
causing greater adsorption. The proportion of anion on the
sulfamethazine usually increased at pH above 8.0, leading to
an increase in the electrostatic repulsion and at the same time
inhibiting the hydrophobic collision between neutral
Sulfamethazine and graphene (Ghadirimoghaddam et al., 2021).

The zeta potential of GO is in the range of −30 mV to −35 mV
in neutral pH which is an indication of oxygen repulsion forces
between each other, forming a stable aqueous dispersion.

On other hand, CS zeta potential has a positive charge because
of the amino groups; meanwhile, the hydroxyl group’s forms
hydrogen bonds with water.

The addition of GO to CS decreases positive zeta potential of
CS because of neutralization with negative charge of GO between
amino groups in CS and carboxylic groups in GS (Figure 9C).
Lowering the zeta potential values indicate a higher degree of
cross-linking and thus the reduction of amino groups. The 3D
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GF-CS impaired the positive charge on the surface; this can be
explained to cross-linking-function of negatively charged oxygen
groups (Yan et al., 2017).

The pH of zero charge for 3D GF-CS usually ranges between
2.2– 6 (Wang J. et al., 2019; Lai et al., 2019). In the acidic
condition, the composite adopts an overall positive charge,
which is can be related to the protonated chitosan (NH3+)
group repel cations. Meanwhile, when the pH increases the
composite exhibits negative charge because of generation of
–COO− and NH2 groups leading to more electrostatic
interactions, and the cations will be eliminated from the
solution phase. As pH further increases, it leads to increase in
the ionic strength in the solution and thus reduces the adsorption
efficiency (Wu et al., 2017).

3.2.3 Effect of Temperature
The effect of temperature of solution on the removal efficiency of
SMZ of 3D GF-CS was investigated in the range of 15–45°C. In
the case of both 15 and 25°C there was slight change in removal
efficiency when the temperature was lowered from 25 to 15°C
during the increase in concentration from 10 to 30 mg/L, as
shown in Figure 9D.

This may be happened due to the increased rate of diffusion of
the SMZ molecules during the increase in temperature. To
conclude, the adsorption process was almost exothermic and
this makes the adsorption more favorable when the temperature
is low.

3.2.4 Adsorption Kinetics
Adsorption kinetics is usually studied to understand the behavior
of the adsorption rate with time. From the study, the adsorption
kinetics curves of the 3D GF-CS at 25°C in Figures 10A–C show
an increase in adsorption when the time increases and

equilibrium at 120 min has been reached. The adsorption
process can be summarized in two stages: one stage is fast
(0–80 min) at first, with adsorption quantities were 65.2%, and
the second stage with 83.1% of the equilibrium adsorption
quantity (4.14 mg/g and 14.73 mg/g for the second stage). The
adsorption capacity showed linearity with time, while it slows
down due to the surface-active sites of the polymer being
occupied. The two stages of the adsorption process of SMZ
can be explained as follow: During the fast stage, the
dispersion of SMZ was high in water, and this will cause SMZ
to diffuse rapidly into the active sites of the polymer. After that,
SMZ was spread into internal pores of the polymer, and this will
encourage the mass transfer struggle over time during the slow
reaction stage. It has been known that adsorption rate is related to
the adsorbent properties as pH and usually slows down with time
so it reaches equilibrium. To understand the kinetic process of
adsorption, three models have been applied to the study of SMZ
on the polymer surface.

The following equations are representing the following models
(Tan and Hameed, 2017):

pseudo − first − order : log(qe − qt) � log qe − ( k1
2.303

)t, (19)

pseudo − second − order :
t
qt

� t
qe

+ 1
K2q2

e

, (20)
intraparticle diffusion : qt � Kidt

0,5 + C. (21)
The parameters qe and qt (mg/g) are representing the amounts of
SMZ adsorbed per unit mass of the adsorbent during equilibrium
and measuring time t (min). The coefficients k1 and k2 (g/
mgmin−1) are usually expressed and present the pseudo-first-
order and pseudo-second-order adsorption rate constants while
k3 [mg/(gmin1/2)] is usually used for the rate constant of the intra-

FIGURE 10 | Adsorption kinetics of SMZ using 3D GF-CS (A) pseudo-first-order, (B) pseudo-second-order, and (C) intraparticle diffusion.

TABLE 3 | Adsorption kinetics of SMZ using 3D GF-CS.

Kinetic Model

Pseudo first-order Pseudo second-order Intraparticle diffusion

K1 (min−1) qe (mg/g) R2 K2 (g/mg.min−1) qe R2 Ki (mg/g.min1/2) R2

0.216 16.38 0.965 4.215 18.36 0.9937 1.375 0.734

Frontiers in Environmental Science | www.frontiersin.org August 2022 | Volume 10 | Article 93069313

Hamed et al. Removal of Sulfamethazine from Aqueous Solution

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


particle diffusion model and is usually related to the particle
diffusion coefficient D, and K = (6qe/r) (D/π)1/2 and r is the
particle radius.

The studies of both pseudo-first-order and second-order are
summarized in Figures 10A,B, and Table 3. From the Table,
pseudo-second-order shows more suitable fitting of the
adsorption and the adsorption process on the prepared
polymer with a correlation coefficient of R2 > 0.999. Also, the
qe calculated values (qe cal.) were near the experimental values
(qe exp.), suggesting that the adsorption follows pseudo-second-
order and the rate was depending on the square of the pollutant
concentration.

We have to discuss and see if the chemical reaction will be
considered as limiting factor of the removal of SMZ and to check
if it was affected by the interaction and collision between
adsorbent and adsorbate and also the exchange of electrons
(Tan and Hameed, 2017). Researchers use the pseudo-first-
order kinetic equation usually to study the behavior of the
dynamics of the initial process and this sometimes has effects
on the application process. On the other hand, the equation of
pseudo-second-order model describes three stages of the
adsorption behavior process membrane and internal diffusion
besides the surface adsorption (Kadiri et al., 2021).

To help us understand the kinetics process more, the intra-
particle diffusion model was used to estimate the major
controlling parameters that represent the adsorption rate
during the adsorption process. Figure 10C summarized the
results.

Both adsorption and diffusion experiments of SMZ on the
polymer can be discussed using three stages as presented in
Figure 10C. In first stage, we can see that adsorption rate at
the beginning was high as a result of the adsorption on the surface
of the polymer. In the second stage, there is process of intra-
particle diffusion that happened and it was rapid while SMZ is
slowly adsorbed onto the polymer, and seeing that the rate
constant of adsorption is almost gradually decreased. For the
final stage, both the characteristics of the boundary layer and at

the same time, the mass transfer of the resistance of SMZ
increased, and this lead to slowing of intra-particle diffusion.
While looking at fitting equations for all noticed stages, the
plotted data did not go through the origin of the plotted
coordinates and this can lead to understand that intra-particle
diffusion may not be considered to be the only step that controls
and explain both adsorption rate and process and to see if it was
affected by other parameters including membrane diffusion and
may be surface adsorption.

As shown in Figures 10A–C and Table 3, pseudo-second
order model showed better fitting with the data used to study the
adsorption kinetics of SMZ and gave correlation coefficient (R2)
value of 0.99 for 3D GF-CS as seen in Table 3. Another result is
that the values of qe calculated and the experimental values (qe
exp.) were much closed. This is very supportive for previous
studies that showed pseudo-second-order kinetics for SMZ
adsorption on 3D GF-CS support the presence and the
function of chemisorption as the rate-limiting step caused by
the use of physicochemical interactions between the two phases.

3.3 Adsorption Equilibrium Isotherm
The adsorption equilibrium is obtained when using a constant
temperature; there is a remarkable distribution of SMZ in the
solution and onto the adsorbent surface in a way, there is
complete adsorption. We studied the isotherms to help
understand the behavior and capacity of adsorption systems
(Zhu et al., 2020).

There are several isotherm models that are always used to fit
the experimental data and all of them are based on assumptions.
The adsorption isotherm of SMZ on the polymer was studied
using both Langmuir and Freundlich models, as shown in
Supplementary Figure S1. Table 4 shows all parameters for

TABLE 4 | Langmuir and Freundlich isotherm model parameters for the adsorption of SMZ by 3D GF-CS.

Isotherm model

Langmuir Freundlich

qm (mg/g) kL (L/mg) RL R2 KF (mg/g)
(L/mg)1/n

n R2

3D GF-CS 112.36 0.265 0.073 0.972 47.28 7.21 0.5160

TABLE 5 | Thermodynamics parameters of SMT adsorption by 3D GF-CS.

Thermodynamic

T (K) RL ΔG°(KJ/mol) ΔH° (KJ/mol) ΔS° (J/mol.K)

3D GF-CS 288 0.001 −24.76 −9.73 54.17
298 0.0062 −26.17
308 0.0135 −26.83
318 0.0182 −27.1

TABLE 6 | ∈H, ∈L, and band gaps of the SMZ drug calculated by B3LYP and
PBEPBE methods 770 with the 6-31+G (d,p) basis set. The calculation takes
place in the gas phase and in an aqueous solution using the PCM solvation model.

∈H ∈L Band gap (Egap)

PBEPBE Gas −5.404 −1.982 3.422
Aqueous −5.407 −2.154 3.253

B3LYP Gas −6.236 −1.257 4.980
Aqueous −6.230 −1.401 4.829

VIP VEA Band gap (Egap)
PBEPBE Gas 7.936 −0.482 8.418

Aqueous 5.906 1.726 4.180
B3LYP Gas 7.789 −0.216 8.005

Aqueous 6.129 1.535 4.595

Frontiers in Environmental Science | www.frontiersin.org August 2022 | Volume 10 | Article 93069314

Hamed et al. Removal of Sulfamethazine from Aqueous Solution

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


the isotherm models. From our results, the Langmuir model
showed R2 value of 0.985 compared to Freundlich model with R2

value of 0.8127. For Freundlich the value for the n was >1 which
predicts favorable adsorption conditions. Since the adsorption
isotherm fit Langmuir model much better this indicates that the
surface sites on 3D GF-CS are homogeneous and the adsorption
of SMZ is typically monolayer adsorption. The maximum
monolayer adsorption capacity qmax was found to be
112.36 mg g−1 (Eftekhari et al., 2018). Other facts are Rl was
less than 1 showing the adsorption was favorable. The adsorption
capacity of 3D GF-CS into SMZ has shown acceptable adsorption
capacity as indicated in Table 4.

3.4 Thermodynamic Analysis
Different temperatures (i.e., 288, 298, 308, and 318 K) were used
to study the thermodynamics parameters of the adsorption of
SMT by the polymer and the results are summarized in Table 5.
While the temperature was increasing, a decrease in the value of
ΔG was noticed. The negative values of ΔG at all temperatures
indicate that the adsorption of SMT by the polymer was a
spontaneous process. A physical absorption was noticed from
the values of ΔG that lie in the range of −24.76 to −27.1 kJ/mol.
On the other hand, the values of ΔH were found to be negative
suggesting an exothermic process of the adsorption. Finally, the
positive values of ΔS showed the randomness and the stability of
the adsorption process (Eftekhari et al., 2020).

3.5 Evaluation of Reusability of 3D GF-CS
Networks
To evaluate the process of desorption and regeneration studies of
adsorbent (3D GF-CS) and howmany times the adsorbent can be
used without losing efficiencies, a batch of adsorption
experiments using the found maximum removal parameters,
the removal or desorption and regeneration experiment was

studied. The polymer was recycled for 10 continuous
adsorption and desorption cycles, and it shows the removal
and desorption efficiency was decreased from 94.84 to 89.60%
which indicates that the adsorbent can be regenerated with
confidence for several uses (Supplementary Figure S2).

3.6 DFT Results
3.6.1 Free Drug
The geometry of the SMZ drug was optimized at the B3LYP and
PBEPBE methods using 6- 31+G (d, p) basis sets in the gas phase
and aqueous solution. The harmonic frequency calculation was
used to ensure that the optimized geometry obtained is a
minimum point in the PES since no imaginary frequency
(negative frequency) was obtained. The optimized geometries
at B3LYP/6-31+G (d, p) level of theory is shown Supplementary
Figure S3. From the geometry optimization calculations, the
Frontier molecular orbitals (HOMO and LUMO) are directly
obtained and also shown in Supplementary Figure S3.
Examination of the FMOs is essential to get the first
appreciated information about the global and molecular
chemical reactivity of the drug (Kadiri et al., 2021). The
energies of FMOs and the energy gap of the investigated drug
are listed in Table 6.

Supplementary Figure S3 shows that the HOMO is mainly
localized on the aniline sulfonamide framework, with little
delocalization on the pyrimidine moiety. As can be seen in
Supplementary Figure S3, the nitrogen atoms (N20 and N21)
in the pyrimidine ring are partially contribute to the HOMO of
the molecule, which indicates that sulfonamide group (NH-SO2−)
group, which acts as electron-withdrawing group reduces the
electron density on the N20 and N21. Therefore, the molecule can
use these parts to get adsorbed on the adsorbate surface through
the electron donation interaction. On the other hand,
Supplementary Figure S3 shows that the LUMO of ZMS drug
is mainly localized on the dimethyl pyrimidine moiety, which
indicates that this part of the molecule is responsible to receive the
electrons from the graphene adsorbent and, consequently, getting
adsorbed on the adsorbate surface via back-donation interaction.
These results are also confirmed when the electrostatic potential
map is considered (Supplementary Figure S3).

As can be seen in Table 6 and Supplementary Figure S3, the
band gap of the SMZ molecule as calculated by the difference
between the ∈H and ∈L or by the difference between VIP and VEA
using the B3LYP and PBEPBE methods is much higher in the gas
phase than in the aqueous solution. These results show that the
drug molecule is more reactive in the aqueous solution than in the
gas phase, and therefore, its ability to interact with the adsorbent
is higher in the aqueous solution than in the gas phase (see
Supplementary Figure S4 and Table 7).

To investigate the chemical reactivity the investigated drug
molecules, the global and local descriptors of the molecules have
been calculated according to the equations described in the
computational details. Table 6 shows the global quantum
chemical descriptors of the compounds calculated using the
B3LYP and PBEPBE methods with 6- 31+G (d, p) basis sets
in the gas phase and aqueous solution. The higher part of Table 7
shows the global chemical reactivity descriptors using the

TABLE 7 |Global quantum chemical descriptors of the SMZ drug calculated using
the B3LYP and PBEPBE methods with 6-31+G (d,p) basis sets in the gas
phase and aqueous solution. The upper part of the Table corresponds to the
values obtained using the computed ∈H and ∈L values, while the lower part of the
table corresponds to values obtained using the VIPs and VEAs.

B3LYP PBEPBE

Gas Aqueous Gas Aqueous

χ (eV) 3.746 3.815 3.693 3.781
η (eV) 2.490 2.414 1.711 1.627
ω (eV) 2.819 3.014 3.985 4.394
S (eV-1) 0.402 0.414 0.584 0.615
ω+ (eV) 5.003 5.223 6.045 6.488
ω− (eV) 1.257 1.408 2.353 2.707
Δω (eV) 6.260 6.632 8.398 9.195
Dipole moment (Debye) 6.614 9.755 6.489 9.829
χ (eV) 3.806 3.832 3.727 3.816
η (eV) 4.022 2.297 3.687 2.090
ω (eV) 1.800 3.196 1.883 3.483
S (eV-1) 0.249 0.435 0.271 0.479
ω+ (eV) 4.206 5.399 4.208 5.653
ω− (eV) 0.400 1.567 0.481 1.837
Δω (eV) 4.606 6.966 4.689 7.489
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computed ∈H and ∈L, while the lower part of the Table 7 shows
the global chemical reactivity descriptors using both vertical
ionization potential (VIP) and electron affinity (VEA). The
high electronegativity value, the small hardness value, and the
high electrophilicity value of the free drug reveal that the drug is
highly reactive and is expected to get adsorbed by the adsorbate
surface (Erdoğan et al., 2017; Guo et al., 2018).

Previous studies reported that the adsorption process is
inclined by hydrogen bonding (H- Bonding), van der Waals
interactions, and π-π interactions (Baccar et al., 2012; Al-Khateeb
et al., 2017). Additionally, the presence of the π-electrons on both
organic compounds and the 3DGF-CS surface can lead to the π-π
layering of the drug on the 3D GF-CS surface. It is expected that
the dipole-dipole interactions between the 3D GF-CS surface and
the adsorbed drug may be improved by the larger dipole moment
(μ) value, which results in better adsorption. Table 7 shows that
SMZ has a higher μ value than that of water (1.855 Debye),
revealing that the dipole-dipole interactions between the drug
and the 3D GF- CS surface are significant. Additionally, it is
found that using bothmethods, the μ value of the drug is higher in
the aqueous solution than that in the gas phase and is larger than
that of water (1.8546 Debye), indicating that presence of water as
a solution enhances the dipole-dipole interactions between the
drug and the 3D GF-CS surface (Erdoğan et al., 2017).

Tables 6, 7 lists the Hirschfeld charges, condensed Fukui
functions, and condensed dual descriptors as calculated by the
3LYP/Def2TZVP//B3LYP/6-31+G (d, p) and PBEPBE/
Def2TZVP//B3LYP/6-31+G (d, p) levels of theories in gas phase
and aqueous solution. The condensed Fukui functions (nucleophilic/
electrophilic attacks centers) show very important numerical results
about the reactivity of each site in the investigated molecule. These
results were represented as shown in Supplementary Figures S5A,B.
More importantly, to have together both the preferable sites for
nucleophilic attacks [f2(r) > 0] and the most preferable sites for
electrophilic attracts [f2(r) < 0] above the system and close to point r.
As can be seen in Supplementary Figure S5C, themost preferred site
for the electrophilic attracts in the amino nitrogen atoms N14, C4,
C7, and C9, respectively. Whereas, the most preferable sites for the
nucleophilic attacks areC22, C23,N20, andN21, respectively. These
results showed when Supplementary Figures S5A,B are considered.
Additionally, these results are also confirmed by looking at the iso
surfaces of the Fukui functions, HOMO, LUMO, and ESP of the
drug. Therefore, onemay suggest that the adsorption of the drugmay
take place through the binding of the electrophilic/nucleophilic
centers with the adsorbent via the above-mentioned sites using
the van der Waal forces. All of these sites will be examined in the
next section.

3.6.2 Drug 3D GF-CS
To evaluate the adsorptive interaction among the 3D GF-CS
surface and SMZ molecule, three initial configurations of SMZ
(Supplementary Figure S6) were used: 1) SMZ near the grafted
chitosan group onto the 3D GF-CS surface; 2) on the grafted
chitosan side chain; and 3) far away from the grafted chitosan
group onto the 3D GF-CS surface.

The interaction energy is highly dependent on the geometry of
the SMZmolecule when it is adsorbed onto the 3D GF-CS model.

As seen in Supplementary Figure S6, the interaction energy is
greatest for P1, indicating that H-bonding and van der Waals
interactions which considered as important in the adsorption
process.

3.7 Monte Carlo
Distinguishing the optimal adsorption configuration of the
adsorbate molecules (SMZ) on the 3D GF-CS surfaces is
critical for calculating the different energy outputs. Calculation
of the adsorption energetics of this approach is enabled by the
interaction of the adsorbate molecules with the 3D GF-CS
surface. This is accomplished quantitatively by determining
the adsorption energy using the following equation (Eads)
(Guo et al., 2014; Hsissou et al., 2019; Dagdag et al., 2020)

Eadsorption � EGOX−Chitosane/SMZ − (EGOX−Chitosane + ESMZ), (22)
where EGOx-chitosane/SMZ is usually considered as the total energy
that represents the simulated adsorption system, EGOx-chitosane and
ESMZ are the total energy of the adsorbent, and adsorbate
molecules.

This method of calculating molecular complexity uses a large
number of randomly generated parts of species that consist of
molecules and ions in the simulation box. When seen in
Supplementary Figure S7, the mean value of average energy
flattens as additional configurations are tested, showing the
system has attained energy equilibrium (after 750,000 steps).

As shown in Supplementary Figure S8, the SMZ molecule
adsorbs preferentially onto the 3D GF surface nearby the grafted
Chitosan chains. Supplementary Figure S9 shows the energy
evolution of the most favorable that has low energy adsorption
sites that contain adsorbates in the region of the 3D GF-CS
surface which was represented by a huge number of randomly
constructed Monte Carlo simulations. The experimental results
are evidence of a noticeably large negative value of Eads of the
removed molecules and adsorbed onto the 3D GF-CS surface.

4 CONCLUSION

In this work, a 3D graphene functionalizedwith chitosan (3DGF-CS)
was synthesized from GO and CS, and it was characterized by SEM,
FTIR, XPS, XRD, TGA, and Raman and then employed for the
adsorption of antibiotic (sulfamethazine, SMZ) from aqueous
solution. Optimized adsorption parameters revealed that the
pH was one of the most important roles in SMZ adsorption while
temperature had a nominal effect; the effectiveness of pH-responsive
for 3DGF-CS was found 7 for highly SMZ adsorption efficiency. The
high initial concentration of SMZ was 50 ppm a maximum sorption
capacity of 14.4 mgg−1. Kinetics studies showed the maximum
adsorption amount of SMZ was calculated to be 18.36 according
to pseudo-second-order while the experimental data was best
described by Freundlich isotherm model. Thermodynamic
parameters analysis showed that the adsorption of SMZ was
exothermic and spontaneous with loss of disorder. Regeneration
of composite in ten consecutive cycles showed excellent reusability of
it and a slightly decreased the removal efficiency. Moreover, to
understand the effect of SMZ on the nature of the interaction
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with 3D GF-CS the molecular structure and the analysis of the
Frontier molecular orbitals were employed. It is revealed the
adsorption mechanism takes place by the electron donation
interaction through the 4-amino-benzene sulfonamide and/or by
the back-donation interaction through the dimethyl pyrimidine part.
Based on, the calculated global reactivity, the dipole-dipole interaction
is significant in the adoption process of the drug and the 3D GF-CS,
and the calculated condensed Fukui indices showed the adsorption
process of the drug molecule onto the 3D GF-CS surface can take
place through the N14, C22, and C23 sites. Also, calculated
adsorption energy (DFTB+), physisorption appears to be a feasible
adsorption pathway for the SMZ molecule on the 3D GF-CS.
Additionally, Monte Carlo simulations reveal the presence of a
strong interaction between the SMZ molecule and the 3D GF-CS,
which is corroborated by experimental evidence.

Our research findings of the adsorption methods as an
experimental design and as a theoretical basis would actively
encourage for implantation of the 3D GF-CS as an effective
adsorbent for SMZ and other similar aquatic environmental
pollutants.
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