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In this work, a superior magnetic graphene oxide (GO) functionalized with sulfanilic acid (Fe3O4@GO@SA)
was successfully fabricated by an in-situ precipitation approach and amidation reaction as a robust mate-
rial for methylene blue dye (MB) removal. The obtained material was investigated by different tech-
niques, such as XRD, FTIR, TGA, SEM, zeta potential analysis, and BET analysis. The surface areas of GO,
MGO, and the Fe3O4@GO@SA nanocomposite were measured to be 3.30, 95.2, and 112 m2/g, respectively.
The particle size of Fe3O4@GO@SA was found to be 12.8 nm. The adsorption of MB dye under various
adsorption parameters, namely, contact time, temperature, dose, pH, and initial concentration of MB
was investigated. The findings revealed that Fe3O4@GO@SA possessed good adsorption performance
for MB dye under optimal conditions (30.0 mg/dose, 240 min/contact time, pH 8, 298 K/T, and
100 rpm/shaking speed). The adsorption kinetics of Fe3O4@GO@SA obeyed pseudo first-order kinetics,
and the Langmuir model was the best matched model for MB removal. The highest uptake capacity
(qm) at 298 K was reported to be 317 mg/g. The thermodynamic variables (DH�, DS�, and DG�) suggest
that the removal of MB dye using the Fe3O4@GO@SA adsorbent is a feasible, exothermic and physical pro-
cess. Fe3O4@GO@SA adsorbs MB molecules via three mechanisms including p-p stacking, columbic
attraction, and hydrogen bonding. The Fe3O4@GO@SA nanocomposite exhibited good reusability. All
the experimental results show that the Fe3O4@GO@SA nanocomposite has potential applications in future
environmental management.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Chemically synthesized pigments are complex aromatic materi-
als, and are one of the most dangerous water pollutants to public
health and the environment owing to their high toxicological prop-
erties [1,2]. Dyes are chemically stable, difficult to decompose,
have high toxicity, and are carcinogenic [3,4]. The release of dyes
from various industries into the environment without treatment
could represent a toxic hazard to human health and the environ-
ment. Methylene blue (MB) is a cationic dye, known as basic blue
9, that contains a heterocyclic aromatic chemical compound that
turns blue when dissolved in aqueous solutions, and is extensively
utilized in a variety of industrial sectors [5]. Excessive exposure to
MB causes severe health issues in humans, such as vomiting, skin
irritation, raised heart rate, and nausea and it poses toxicity to
aquatic organisms [6–8]. Therefore, it is necessary to uptake MB
from wastewater prior to being discharged into the environment.

Various physical and chemical methods such as coagulation [9],
membrane separation [10], electrochemical oxidation [11],
biodegradation [12], photocatalytic degradation [13], chemical oxi-
dation [9], and adsorption [14,15], have been developed. The
adsorption method was shown to be a potential approach in the
elimination of environmental contaminants due to its simple pro-
cessing, possibility of using low-cost adsorbents, reusability of the
adsorbents, and eco-friendliness [15,16]. Adsorption, among these
technologies, remains an excellent approach for removing colors
from contaminated water due to its simplicity and inexpensive-
ness, facile operation, and extensive use.

Recently, the use of graphene oxide (GO) in the removal of pol-
lutants has shown good adsorption properties owing to its large
surface area, and superior biocompatibility, and robust chemical,
and thermal stability, which makes it highly interesting and favor-
able for the elimination of contaminants from wastewater [17,18].
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Graphene oxide contains oxygen-rich functional moieties such as
carboxyl (–COOH), (C-O-C), (–OH), and (C=O) moieties on its basal
planes and at the edges [19]. Modification of GO with different
materials such as SiO2 [20], sand [21], calcium alginate composites
[22], CS [23], carboxylated GO [24], and hamnolipids [25], was
achieved for the removal of MB from water and showed great effi-
ciency for MB removal. However, these adsorbents face difficulties
in separating and recovering the material due to the small particles
of GO, which significantly limits their applications in water treat-
ment. Magnetic nanoparticles (Fe3O4) have been utilized in various
sectors, such as separation of biomolecules, drug delivery, water
purification, heterogeneous catalysis, and cancer diagnosis due to
their superparamagnetic property which can easily separate ana-
lyte molecules from complex systems by using a magnet [26,27].
Therefore, incorporation of Fe3O4 nanoparticles onto the GO sur-
face improves the separation of the material by an external mag-
netic field [28,29]. Introducing or modifying functional moieties
on the surface of magnetic GO improves the removal capacity
toward pollutants. Tran et al., synthesized a Fe3O4@CS@G hybrid
by a facile precipitation method and utilized it for the uptake of
MB from an aqueous medium. They found that the uptake capacity
of FCG toward MB dye was 181 mg/g [30].

Sulfanilic acid or 4-amino-1-naphthalenesulfonic [H2NC10H6-
SO3H] is an amino acid aniline derivative. Sulfanilic acid (SA) is
widely used as a smallmolecular catalyst in the asymmetric synthe-
sis of organic compounds [31]. SA contains amino (–NH2) and sul-
fonyl (-SO3H) groups which can form stable chelates with
pollutants [32]. Therefore, sulfanilic acid-functionalized magnetic
grapheneoxidemay enhance the adsorption capacity of the Fe3O4@-
GO@SA hybrid toward MB dye. In the previous literature, the modi-
ficationofmagnetic grapheneoxidewith sulfanilic acidhas not been
conducted for the removal of MB from an aqueous solution.

In this study, a unique magnetic nanocomposite (Fe3O4@-
GO@SA) was fruitfully fabricated by the following process: GO
was first fabricated by a modified Hummers’ approach and Offe-
man approach, and then Fe3O4 graphene oxide (Fe3O4@GO) was
synthesized through-loading magnetic nanoparticles on the GO
surfaces by a chemical in situ coprecipitation method. After that,
the carboxylic groups of Fe3O4@GO were reacted with the amino
group of sulfanilic acid (SA) to produce a new magnetic nanocom-
posite (Fe3O4@GO@SA). The Fe3O4@GO@SA nanocomposite was
investigated by various techniques, such as XRD, FTIR, SEM, TGA,
and zeta potential analysis. The optimization of all parameters,
such as the dose of adsorbent, initial concentration of MB, adsorp-
tion time, pH, and temperature were investigated. Different kinetic
models and adsorption isotherms were also investigated. The recy-
cling of the Fe3O4@GO@SA adsorbent was successfully achieved.
2. Experimental

2.1. Materials

All of the materials were of analytical quality and were utilized
without additional treatment. HNO3 (70%), HCl (36.5–38.0%), and
NH4OH (25%) were purchased from BDH Chemicals Ltd. (Poole,
England). Sulfanilic acid (SA, � 99.0%), SOCl2, (�99.0%), FeCl2�4H2O
(�99.0%), FeCl3�6H2O (�99.0%), and methylene blue (MB) were
provided by Sigma Aldrich.

2.2. Fabrication of Fe3O4@GO@SA
2.2.1. Fabrication of Fe3O4@GO
Graphene oxide (GO) was synthesized by a modified Hummers’

approach and Offeman approach [33]. The resulting powder cake
2

was rinsed with hot water many times and then separated and
dried at 25 �C for 12 hrs. Chemical in situ precipitation methods
were used to deposit magnetite nanoparticles on the graphene
oxide surfaces. First, 5.42 g of FeCl3�6H2O and 1.99 g of FeCl2�4H2O
at a molar ratio of 2:1 was dissolved in a 0.100 M HCl solution
under N2 gas. After stirring for approximately 30 min, 1.20 g of
GO was added to a mixture of ferric and ferrous salts and stirred
at 75 �C for 30 min. Then, �40.0 mL of NH4OH solution was intro-
duced dropwise into the mixture solution under mechanical stir-
ring and N2 gas (to prevent oxidation of Fe3O4) until the pH
reached � 10. After that, the obtained Fe3O4@GO was isolated by
a magnet, rinsed, and vacuum dried for 24 h at 60 �C (Scheme 1).

2.2.2. Synthesis of Fe3O4@GO@SA
Fe3O4@GO@SA was prepared via the amidation reaction of Fe3-

O4@GO with sulfanilic acid using SOCl2. In a typical procedure, a
mixture of Fe3O4@GO (2.00 g) and a slight excess of thionyl chlo-
ride (3.00 mL) was heated under stirring at 70 �C for 4 h. After cool-
ing, the resulting dark greenish product was filtered and dried. A
total of 1.00 g of acid chloride in magnetic graphene oxide was dis-
persed in 20.0 mL of DMF. The blend was refluxed for 4 h at 80 �C.
After the reaction was completed, the blend was cooled and then
isolated by a magnet, rinsed with deionized water many times,
and then vacuum dried for 24 h at 60 �C (Scheme 1).

2.2.3. Adsorption assessment
Batch-method adsorption studies were performed using the

Fe3O4@GO@SA nanocomposites as adsorbents to eliminate MB
dye from aqueous solutions. To determine the optimum adsorption
conditions, experiments were carried out using different pH values
(2–8), contact times (1–1440 min), initial concentrations of MB
(33.5–300 mg/L), adsorbent mass (10.0–50.0 mg), and tempera-
tures (25.0–45.0 �C). The batch experiments were performed using
a 100 mL Erlenmeyer flask with the addition of 30 mg of Fe3O4@-
GO@SA and 50 mL of MB solution with an initial concentration of
33.5 mg/L. Then, the desired pH was adjusted with HCl (0.1 M)
or NaOH (0.100 M). After that, the solutions were agitated at
100 rpm for a desired time, and then separated by the aid of a mag-
net. The remaining MB concentrations were determined utilizing a
UV/Vis spectrophotometer at 665 nm. The percentage of adsorp-
tion (Re %) and the adsorption amount (qe, mg g�1) were assessed
by Eqs. (1) and (2), respectively:

Re ð%Þ ¼ Co � Ce

Co
� 100 ð1Þ

qe ¼ ðCo � CeÞV
m

ð2Þ

where Co (mg/L) and Ce (mg/L) are the initial and equilibrium
concentrations of MB in the solution, respectively; m is the Fe3-
O4@GO@SA mass; and V (L) is the MB volume solution.

The reusability of the Fe3O4@GO@SA nanocomposite for MB dye
adsorption was investigated. After the adsorption experiments, the
MB-loaded Fe3O4@GO@SA nanocomposites were magnetically sep-
arated and the MB concentration in the supernatant was deter-
mined. The MB-loaded Fe3O4@GO@SA adsorbent was then
treated with 50 mL of NaOH (0.01 M), HCl (0.01 M), and HNO3

(0.01 M) and then shaken separately for 240 min. After that, the
adsorbent was collected by a magnet. This run was repeated four
times. The percentage of MB desorption was determined using
Eq. (3).

%desorption ¼ Cm

Ce
� 100 ð3Þ

where Cm and Ce are the desorbed MB concentration and the
initially adsorbed MB concentration, respectively (Fig. 1).



Scheme 1. Schematic representation of the preparation processes of Fe3O4@GO@SA nanocomposite.

Fig. 1. Mechanism adsorption of MB using of Fe3O4@GO@SA adsorbent.
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3. Results and discussion

3.1. Characterization

The X-ray diffraction patterns of GO, Fe3O4@GO, and Fe3O4@-
GO@SA were obtained on a Maxima = X diffractometer (D/
Max2500VB2+/Pc, Shimadzu Company, Japan) with an X-ray wave-
length Cu detector. The morphology of GO, Fe3O4@GO, and Fe3O4@-
GO@SA was characterized by a scanning electron microscope
(Quattro S, Thermo Scientific). FTIR spectra of GO, Fe3O4@GO, and
Fe3O4@GO@SA were obtained with a Shimadzu IR Tracer-100.
The zeta potential of Fe3O4@GO@SA was obtained by a Zetasizer
Nano ZS instrument (Malvern, UK). TGA analyses of GO, Fe3O4@GO,
and Fe3O4@GO@SA were performed using a TGA-51 Shimadzu TGA
analyser.
3

To explore the surface characteristics of GO, Fe3O4@GO, and Fe3-
O4@GO@SA, FTIR analysis was carried out, as shown in Fig. 2a. For
GO, several characteristic bands were observed; for example the
bands at 3444, 1719, 1622, 1370, 1240 cm�1, and 1160–
1027 cm�1 were ascribed to the stretching mode of hydroxyl (O–
H), C=O group in carbonyl moieties and COOH, C=C, O–H deforma-
tion mode, and stretching of C–O-C, respectively [34,35]. An addi-
tional peak at 555 cm�1 was assigned to the stretching mode of the
Fe-O bond, which confirms the formation of magnetic graphene
oxide (MGO) [36]. The broad band in the region of 3150–
3354 cm�1 in the Fe3O4@GO@SA spectrum is related to the overlap
of NH/OH moieties, [37]. The peaks at 3059 and 2865 cm�1corre-
spond to the aromatic C-H symmetric and antisymmetric vibra-
tions, respectively. The peak at 1650 cm�1 is assigned to amide 1
(NHCO) [37]. The peak at 1573 cm�1 is due to secondary amide 2



Fig. 2. FTIR spectra (a), TGA analysis (b), and XRD pattern of GO, Fe3O4@GO, and
Fe3O4@GO@SA.

Hassan M.A. Hassan, M.R. El-Aassar, M.A. El-Hashemy et al. Journal of Molecular Liquids 361 (2022) 119603
(N–H bending), indicating the formation of an amide bond
between the COOH moiety of the Fe3O4@GO surface and the NH2

group of the SA surface. The peaks in the range of 1008–
1034 cm�1 and at 1419 and 1150 cm�1 are due to symmetric
stretching of the S-O bond and stretching of the SO3 group in the
SA [38,39] which confirms the successful formation of Fe3O4@-
GO@SA. The peak at 559 cm�1 was ascribed to the unique band
of the Fe-O stretching mode, indicating the development of mag-
netic nanoparticles [40,41]. The peaks at 1495, 1388 cm�1, 1240,
and 677 cm�1 were ascribed to ring stretching (C=C), m(C-N), m
(C-O), and special stretching of C–S, respectively [39,42]. In conclu-
sion, the FTIR results successfully confirmed the formation of
Fe3O4@GO@SA.
4

The thermal stabilities of GO, Fe3O4@GO, and Fe3O4@GO@SA
were determined via TGA as presented in Fig. 2b. The TGA curves
of GO, Fe3O4@GO, and Fe3O4@GO@SA showed that losses
of � 70.0%, �56.0%, and � 61.0%, respectively, in three steps. In
the first step, weight losses of � 10.0%, �7.00%, and � 10.0% were
found in the temperature range of 30–150 �C for GO, Fe3O4@GO,
and Fe3O4@GO@SA, respectively, which are related to the moisture
content [43]. The second and third steps were from 150 to 250 �C
and from 250 to 580 �C, respectively, where � 20.0% and 40.0%
weight losses occurred due to the degradation of the labile oxygen
functional moieties of GO [44]. For Fe3O4@GO, the weight losses of
10.0% and 36% from 150 to 300 �C and from 300 to 550 �C can be
ascribed to the decomposition of oxygen-containing functional
moieties such as COOH and C=O moieties, respectively [44].
Approximately � 22.0 % and � 30.0 % weight losses were observed
in the temperature ranges of 150 to 300 �C and 300 to 550 �C for
Fe3O4@GO@SA, respectively, owing to the degradation of the func-
tional groups of organic molecules (SA and GO). Compared with
the weight loss of GO at 500 �C, the weight loss of Fe3O4@GO@SA
is much higher, indicating the successful formation of
Fe3O4@GO@SA.

Fig. 2c illustrates the XRD patterns of GO, Fe3O4@GO, and Fe3-
O4@GO@SA. For GO, the characteristic peaks observed at 2h = 11.
9� and 43.4�were attributed to the (002) and (100) planes, respec-
tively. These peaks were reduced in Fe3O4@GO, and Fe3O4@GO@SA
[40,43]. The diffraction peaks at 2 h = 35.9� (311), 43.1� (400),
53.4� (422), 56.8� (511), and 63.1� (440) in Fe3O4@GO and Fe3-
O4@GO@SA were assigned to the refection planes of the cubic spi-
nel crystal structure of magnetite, indicating the existence of Fe3O4

nanoparticles in the as-prepared adsorbent [41,45]. The other
peaks in Fe3O4@GO@SA are due to the crystallinity of SA [46].
The particle size of Fe3O4@GO@SA was calculated by the Scherer
equation [47] at 2h = 35.9� and the result revealed that the parti-
cles were 12.8 nm in size. This value is greater than those of pure
Fe3O4 reported the literature [40].

The morphological features of GO, Fe3O4@GO, and the Fe3O4@-
GO@SA nanocomposite were examined by FESEM, and the findings
are illustrated in Fig. 3. It was noted that the SEM image of gra-
phene oxide shows layers with wrinkled edges and smooth sur-
faces (Fig. 3a). For Fe3O4@GO, the magnetic nanoparticles are
spherical, aggregated, and of high density on the GO surface
(Fig. 3b). The adsorbent surface becomes smooth with cracks and
irregular pores as indicated in Fig. 3c. The BET surface areas surface
area of GO, MGO, and the Fe3O4@GO@SA nanocomposite were
found to be 3.30, 95.2, and 112 m2�g�1, respectively.

3.2. Adsorption performance of Fe3O4@GO@SA
3.2.1. Influence of solution pH
The capabilities of Fe3O4@GO@SA for MB adsorption were

achieved at various pH values (2–8) while keeping all other param-
eters constant (0.0300 g, 33.5 mg/L, 25 �C, 24 h, and 100 rpm)
(Fig. 4a). It is worth noting that the capacity of Fe3O4@GO@SA for
MB removal was boosted from 2.53 to 50.5 mg/g when the pH
increased from 2 to 8. This behavior can be clarified based on the
protonation and deprotonation of different surface functional
groups of the MB molecule and the Fe3O4@GO@SA adsorbent. In
an acidic medium, the number of hydronium ions (H3O+) in the
solution increases, and the functional groups (SO3H, COOH, and
OH) on the Fe3O4@GO@SA surface become positive, which would
electrostatically repel positively charged cationic MB, resulting in
a reduction in the adsorption capacity of Fe3O4@GO@SA toward
MB. However, at a higher pH range, the adsorption capacities were
enhanced owing to the deprotonation of SO3H, COOH, and OH
groups, which enhanced the charge density and thus strengthened



Fig. 3. SEM images of GO (a), Fe3O4@GO (b), and Fe3O4@GO@SA.

Fig. 4. Effect of solution pH on adsorption of MB dye onto Fe3O4@GO@SA (a) Z
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the columbic interaction between Fe3O4@GO@SA and the cationic
MB molecule dye, resulting in the improved adsorption perfor-
mance of Fe3O4@GO@SA toward MB. In addition, when the
pH > 8, the adsorption capacity of Fe3O4@GO@SA exhibited a
reduction owing to the decomposition of MB dye as reported in
the literature [48].

Evaluation of the surface charge of Fe3O4@GO@SA through zeta
potential measurement at different pH values indicates that the
zero-point charge (pHpzc) of the Fe3O4@GO@SA nanocomposite
is � 4.60 (Fig. 4b). This means that at pH < pHpzc (pHpzc = 4.60)
the Fe3O4@GO@SA surfaces are positively charged owing to the
protonation of functional moieties on the Fe3O4@GO@SA surface
(-SO3H2

+, –COOH2
+, and –OH2

+), which reduces the cationic MB
adsorption on the Fe3O4@GO@SA surface. When the pH exceeds
pHpzc, the surface gains a negative charge due to the deprotonation
of functional groups on the Fe3O4@GO@SA surface (-SO3

- ,
and –COO-), which enhances the cationic MB adsorption on the
Fe3O4@GO@SA surface by the electrostatic attraction force [49].
Hence, in the subsequent investigations, all adsorption experi-
ments were performed at pH = 8.

3.2.2. Impact of adsorbent dose
The impact of adsorbent dosage on MB uptake onto the Fe3O4@-

GO@SA nanocomposite was examined by altering the adsorbent
dosage from 10 mg to 50 mg while keeping all other parameters
constant (33.5 mg/L, 24 h, 25 �C, pH 8, and 100 rpm), as displayed
in Fig. 5a. With the increase in the amount of Fe3O4@GO@SA
nanocomposite from 10 to 30 mg, the removal efficiency increased
from 75.5% to 9.20%. With the further increase of Fe3O4@GO@SA
loading to 50.0 mg, the removal efficiency became nearly constant
mainly due to the active sites being enhanced with the increased
amount of the Fe3O4@GO@SA nanocomposite. On the other hand,
the adsorption capacity of Fe3O4@GO@SA nanocomposite toward
MB dye was reduced to 30.9 mg/g with an increase in the dose
to 50.0 mg. This is because the adsorbent mass is inversely propor-
tional to the unit adsorption capability in the adsorption capacity
equation. In addition, aggregation of the Fe3O4@GO@SA adsorbent
at a high dosage decreases the adsorbent’s surface area and
reduces its adsorption capability [15]. Hence, in the subsequent
investigations, all adsorption experiments were performed using
30.0 mg of Fe3O4@GO@SA.

3.2.3. Influence of contact time
The impact of adsorption time on the adsorption capacity of

Fe3O4@GO@SA adsorbent toward MB dye was carried out in the
time range of 1–1440 min while keeping all other factors constant
(33.5 mg/L, 30.0 mg, pH 8, 25 �C, and 100 rpm) (Fig. 5b). The
eta potential measurements of Fe3O4@GO@SA at different pH values (b).



Fig. 5. Effect of adsorbent mass (a), contact time (b), and initial MB concentration
on adsorption of MB dye onto Fe3O4@GO@SA (c).
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removal capability of Fe3O4@GO@SA toward methylene blue rises
rapidly at the early contact time and the adsorption tends to bal-
ance gradually in the later stage. The removal capacity reached
equilibrium up to 48.9 mg at 240 min. The increase in the removal
capacity of Fe3O4@GO@SA toward MB during the initial period of
contact time is due to a great number of active adsorption centers
on the Fe3O4@GO@SA hybrid [50]. Therefore, 240 min was selected
as the suitable adsorption time for MB molecules.
3.2.4. Influence of the initial concentration of MB
The impact of the initial MB concentration on MB removal by

the Fe3O4@GO@SA hybrid was investigated in the range of 33.5–
300 mg/L at various temperatures 25–45 �C under the parameter
conditions of 30.0 mg, 240 min, pH 8, 25 �C, and 100 rpm
(Fig. 5c). The removal capability of Fe3O4@GO@SA toward methy-
lene blue at 25 �C steadily increased from 50.1 to 256 mg/g with
increasing the MB dye concentration from 33.5 to 250 mg/L and
6

then reached adsorption saturation at 300 mg/L. This result reveals
that the active adsorption sites (SO3

�, and COO�) on Fe3O4@GO@SA
have strong electrostatic interactions with the cationic MB dye
[51]. Regarding the effect of temperature on MB adoption, the find-
ings reveal that the removal capacity of Fe3O4@GO@SA was
decreased from 50.1 to 43.0 mg/g and 256 to 199 mg/g with
increasing temperature from 25 to 45 �C at 33.5 and 300 mg/L,
respectively, which confirmed that the removal process is exother-
mic [52]. Therefore, T = 25 �C was selected as the suitable temper-
ature for MB adsorption onto the Fe3O4@GO@SA adsorbent. A
similar impact of temperature on the uptake of MB was reported
in other studies [53,54].

3.3. Adsorption isotherm

To explore the correlation between MB dye adsorption on the
Fe3O4@GO@SA adsorbent and its residual concentration in solu-
tion, two isotherm models, the Freundlich model in Eq. (4) [55]
and the Langmuir model in Eq. (5) [56], were applied:

qe ¼ KF Ce
1=n ð4Þ

qe ¼
qmKLCe

1þ KLCe
ð5Þ

where Ce, qe, and qm are the equilibriumMB concentration (mg/
L), and, equilibrium, and maximum adsorption capacities (mg/g),
respectively; KL is the Langmuir constant (L mg�1) related to the
adsorption energy; KF is the Freundlich constant ((mg g�1) (L
mg�1)1/n) attributed to the adsorption capacity; and n is the
heterogeneity factor reflecting the adsorption intensity in which
0 < n < 10 indicates favorable adsorption. The fitting results and
parameters obtained from the isotherms are presented in Fig. 6
and Table 1. The R2 coefficient of the Langmuir model
(R2 = 0.980) was higher than that of the Freundlich model
(R2 = 0.971); therefore, the Langmuir model was suitable for
describing MB adsorption on Fe3O4@GO@SA, indicating that the
adsorption of MB onto the Fe3O4@GO@SA nanocomposite is mono-
layer coverage. The maximum monolayer capacity of the Fe3O4@-
GO@SA nanocomposite toward MB dye was found to be 317 mg/
g, which was higher than those of other adsorbents, such as mag-
netic chitosan composite (33.2 mg/g) [57], magnetic iron oxide
(25.5 mg/g) [58], magnetic humic acid/graphene oxide composite
(59.0 mg/g) [48], PANI/RGO(19.2 mg/g) [59], magnetic graphene
oxide modified zeolite (97.3 mg/g) [60], magnetite/rGO (145 mg/
g)[61], b-cyclodextrin modified magnetic graphene oxide
(94.0 mg/g) [43], tannic acid@Fe3O4(91.0 mg/g) [62], manganese
ferrite/graphene oxide (89.3 mg/g) [63], and Fe3O4/chitosan/-
graphene nanocomposite (47.4 mg/g) [64] (Table 2). It can be
observed that Fe3O4@GO@SA displays a robust MB removal perfor-
mance. In addition, the values of the dimensionless separation fac-
tor (RL) were found to be in the range of 0.500–0.700, which
suggested that MB adsorption using the Fe3O4@GO@SA nanocom-
posite is favorable.

3.4. Adsorption kinetics

The experimentally collected kinetic adsorption data were fit-
ted into two nonlinear kinetic models; the pseudo first-order
(PFO) model in Eq. (6) [65] and the pseudo second-order (PSO)
model in Eq. (7).

qt ¼ qeð1� e�k1t Þ ð6Þ

qt ¼
q2
ek2t

1þ qe k2 t
ð7Þ



Fig. 6. Non-linear fitted isotherm models for the MB adsorption onto Fe3O4@GO@SA at different temperature 25 �C (a), 35 �C (b), 45 �C (c), and Non-linear fitted kinetic
models for the MB adsorption onto Fe3O4@GO@SA at 25 �C (d).

Table 1
Langmuir and Freundlich isotherms models for MB adsorption on Fe3O4@GO@SA nanocomposite.

Model MB

298 K 308 K 318 K

Langmuir
qm, mg/g 317 308 295
KL (L/mg) 0.0330 0.0201 0.0140
RL 0.500 0.600 0.700
R2 0.980 0.983 0.976
Freundlich
Kf, (mg/g) (L/mg)1/n 33.8 21.5 15.2
n 2.40 2.10 1.94
R2 0.971 0.970 0.960

Table 2
Maximum adsorption capacity (qm) of various magnetic nanocomposite absorbents of MB.

Adsorbent qm (mg/g) Kinetic models Isotherm models Reference

Magnetic chitosan composite 33.2 Pseudo-second-order Langmuir [55]
Magnetic iron oxide 25.5 Pseudo-second-order Langmuir [56]
Magnetic humic acid/graphene oxide composite 59.0 Elovich Langmuir [46]
PANI/RGO 19.2 Pseudo-first-order Langmuir [57]
Magnetic graphene oxide modified zeolite 97.3 Pseudo-second-order Freundlich [58]
Magnetite/rGO 144 Pseudo-first-order Langmuir [59]
b-cyclodextrin modified magnetic graphene oxide 94.0 Pseudo-first-order Langmuir [41]
Tannic acid@Fe3O4 91.0 Pseudo-second-order Langmuir [60]
Manganese ferrite/graphene oxide 89.2 Pseudo-second-order Langmuir [61]
Fe3O4/chitosan/graphene nanocomposite 47.3 Pseudo-first-order – [62]
Fe3O4@GO@SA 317 Pseudo-first-order Langmuir This study
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Table 3
Pseudo-first-order and Pseudo-second-order kinetics models for MB adsorption on Fe3O4@GO@SA nanocomposite.

Co
(mg/L)

qe,exp.
(mg/g)

Pseudo-first-order Pseudo-second-order

qe1, cal.
(mg/g)

K1 (1/min) R2 qe2, cal.
(mg/g)

K2

(g/mg-min)
R2

33.5 48.0 47.0 0.0321 0.994 51.1 8.51E-4 0.990

Fig. 7. Plot of ln K vs. 1/T for thermodynamic parameters calculation(a), Desorption study (b), and reusability of Fe3O4@GO@SA (c).
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where qt (mg/g) is the equilibrium adsorption capacity at time t
and k1 (min�1) and k2 are the PFO and PSO(g/mg*min) constants,
respectively. Fig. 6d and Table 3 show the fitting findings and vari-
ables obtained from the kinetics models. Compared with the PSO
model (R2 = 0.990), the PFO model possesses a better regression
coefficient (R2 = 0.994), indicating that the adsorption of MB onto
Fe3O4@GO@SA is physical adsorption through electrostatic attrac-
tions between the negative charges of -SO3H, COOH, and OH on
the adsorbent surface and +N(CH3)2 in the MB molecule. In addi-
tion, p-p connections between the adsorbent benzene ring and
MB molecules are illustrated in Fig. 1. The assessed qe value (qe,
cal = 38.3 mg/g) from the pseudo second-order model does not
match the experimental results (qe,exp = 48.0 mg/g). This result
indicated that the adsorption process followed the PFO kinetic
model.
Table 4
Thermodynamics parameters for the adsorption of MB on Fe3O4@GO@SA nanocomposite.

[MB] ions (-) DH� (kJ/mol) (-) DS� (J/mol.K)

33.5 37.8 105
50.0 39.5 147
100 27.7 80.0
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3.5. Thermodynamic variables

To explore the feasibility of MB uptake by the Fe3O4@GO@SA
nanocomposite, the thermodynamic variables DG� (Eq. (8)), DH�
(Eq. (9)), and DS� (Eq. (9)) were determined.

DG
� ¼ �RTlnKc ð8Þ

lnKc ¼ ð9Þ
where R is the universal gas constant (8.314 J/(mol�K)); T is the

temperature in Kelvin; and Kc is the thermodynamic constant,
which is equal to qe/Ce. The DH� and DS� of the removal process
were estimated from the intercept and slope of the plot of ln Kc
against 1/T (Fig. 7a). Table 4 depicts the thermodynamic variables
for MB uptake on the Fe3O4@GO@SA hybrid. The negative values of
(-) DG� (kJ/mol)

298 K 308 K 318 K

7.00 5.24 4.53
5.70 4.02 3.00
4.00 3.03 2.32
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DG� indicate the feasibility of MB removal onto Fe3O4@GO@SA at
25 �C. Furthermore, the rise in DG� with increasing temperature
revealed that removal was more feasible at lower temperatures
(25 �C) [66]. The negative values of DH� confirm that the adsorp-
tion process is exothermic and indicate the possibility of physical
adsorption [67]. In addition, the values of DH� were in the range
of �27.7 to �39.5 kJ/mol (DH�< 40 kJ/mol), indicating that the
removal process was physisorption [68]. The negative DS� indi-
cated that the disorder decreased at the solid/liquid interface dur-
ing the removal process.
3.6. Reusability studies

To examine the durability of the Fe3O4@GO@SA nanocomposite,
three reagents (0.01 M NaOH, 0.01 M HCl, and 0.01 M HNO3) were
utilized as the eluent as shown in Fig. 7b. Typically, each adsorp-
tion experiment consisted of 30 mg of Fe3O4@GO@SA adsorbent
with 50 mL of 33.5 mg/L MB solution for 240 min. After the adsorp-
tion experiments, the MB-loaded Fe3O4@GO@SA adsorbent was
magnetically separated, and the supernatant was used to deter-
mine the concentration of MB dye. The MB-loaded Fe3O4@GO@SA
adsorbent was then treated with 50 mL of NaOH (0.01 M), HCl
(0.01 M), and HNO3 (0.01 M) and then shaken separately for
240 min. After that, the adsorbent was collected by a magnet.
The % desorption of MB dye from Fe3O4@GO@SA was 88.6%,
31.5%, and 8. 00% using HCl (0.01 M), HNO3 (0.01 M), and NaOH
(0.01 M), respectively (Fig. 7b). This means that the strongest elu-
ent for the regeneration of the adsorbent was HCl (0.01 M). In the
four-cycle experiment (adsorption–desorption), the percentage of
adsorption was 69%, which indicated that Fe3O4@GO@SA exhibited
good reusability (Fig. 7c).
4. Conclusion

In this work, a novel magnetic nanocomposite (Fe3O4@GO@SA)
was fruitfully fabricated through three steps: GO was first synthe-
sized by a modified Hummers and Offeman approach, and then
Fe3O4 graphene oxide (Fe3O4@GO) was synthesized through-
loading magnetic nanoparticles on the GO surfaces by a chemical
in situ coprecipitation method. After that, the carboxylic groups
of Fe3O4@GO were reacted with the amino group of sulfanilic acid
(SA) to produce a new magnetic nanocomposite (Fe3O4@GO@SA).
The MB adsorption performance of the novel Fe3O4@GO@SA
nanocomposite was evaluated. The optimization of all variables,
such as the adsorbent mass, initial MB concentration, contact time,
pH, and temperature, was investigated. The results revealed that
the Fe3O4@GO@SA nanocomposite was successfully prepared. The
Fe3O4@GO@SA nanocomposite showed a higher BET surface area
(112 m2�g�1) than GO (3.30 m2�g�1) and MGO (95.2 m2�g�1). The
adsorption of MB by Fe3O4@GO@SA displayed an adsorption capac-
ity significantly higher than that by GO and MGO under optimum
conditions (240 min; 0.0300 g (dose), pH 8, and 298 K). The mono-
layer removal capacity (qm) was reported to be 317 mg/g. The sig-
nificant improvement is related to p-p interactions, Coulomb
attraction, and H- bonding. Furthermore, the Langmuir and pseudo
first-order models were reported to match the experimental find-
ings for MB removal. Thermodynamic investigations confirmed
that MB adsorption was spontaneous; in addition, MB adsorption
displayed an exothermic characteristic. The regeneration and
reusability studies demonstrated that the Fe3O4@GO@SA
nanocomposite can be reused up to four runs successfully. Due
to the high efficiency, the Fe3O4@GO@SA nanocomposite could be
a promising adsorbent for eliminating MB dye from aquatic
environments.
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[32] E.G. Söğüt, Y. Karatas�, M. Gülcan, N.Ç. Kılıç, Enhancement of adsorption
capacity of reduced graphene oxide by sulfonic acid functionalization:
malachite green and Zn (II) uptake, Mater. Chem. Phys. 256 (2020), https://
doi.org/10.1016/j.matchemphys.2020.123662 123662.

[33] S.I. El-Hout, S.M. El-Sheikh, H.M.A. Hassan, F.A. Harraz, I.A. Ibrahim, E.A. El-
Sharkawy, A green chemical route for synthesis of graphene supported
palladium nanoparticles: a highly active and recyclable catalyst for
reduction of nitrobenzene, Appl. Catal. A Gen. 503 (2015) 176–185, https://
doi.org/10.1016/j.apcata.2015.06.036.

[34] Y. Zhu, S. Murali, W. Cai, X. Li, J.W. Suk, J.R. Potts, R.S. Ruoff, Graphene and
graphene oxide: synthesis, properties, and applications, Adv. Mater. 22 (2010)
3906–3924.

[35] A. Abu-Nada, A. Abdala, G. McKay, Isotherm and kinetic modeling of strontium
adsorption on graphene oxide, Nanomater. 11 (2021), https://doi.org/
10.3390/nano11112780.

[36] N.T. Vuong Hoan, N.T. Anh Thu, H.V. Duc, N.D. Cuong, D. Quang Khieu, V. Vo,
Fe3O4/reduced graphene oxide nanocomposite: synthesis and its application
for toxic metal ion removal, J. Chem. 2016 (2016) 1–10.
10
[37] Y. Gong, J. Su, M. Li, A. Zhu, G. Liu, P. Liu, Fabrication and adsorption
optimization of novel magnetic core-shell chitosan/graphene oxide/b-
cyclodextrin composite materials for bisphenols in aqueous solutions, Mater.
13 (2020), https://doi.org/10.3390/ma13235408.

[38] H. Bhandari, R. Srivastav, V. Choudhary, S.K. Dhawan, Enhancement of
corrosion protection efficiency of iron by poly(aniline-co-amino-naphthol-
sulphonic acid) nanowires coating in highly acidic medium, Thin Solid Films
519 (2010) 1031–1039, https://doi.org/10.1016/j.tsf.2010.08.038.

[39] M. Srimathi, R. Rajalakshmi, S. Subhashini, Polyvinyl alcohol–sulphanilic acid
water soluble composite as corrosion inhibitor for mild steel in hydrochloric
acid medium, Arab. J. Chem. 7 (2014) 647–656, https://doi.org/10.1016/j.
arabjc.2010.11.013.

[40] A.A. Alqadami, M.A. Khan, M. Otero, M.R. Siddiqui, B.-H. Jeon, K.M. Batoo, A
magnetic nanocomposite produced from camel bones for an efficient
adsorption of toxic metals from water, J. Clean. Prod. 178 (2018), https://doi.
org/10.1016/j.jclepro.2018.01.023.

[41] M.A. Khan, A.A. Alqadami, M. Otero, M.R. Siddiqui, Z.A. Alothman, I. Alsohaimi,
M. Rafatullah, A.E. Hamedelniel, Heteroatom-doped magnetic hydrochar to
remove post-transition and transition metals from water: synthesis,
characterization, and adsorption studies, Chemosphere 218 (2019) 1089–
1099, https://doi.org/10.1016/j.chemosphere.2018.11.210.

[42] M. Khaleghi-Abbasabadi, D. Azarifar, Magnetic Fe3O4-supported sulfonic acid-
functionalized graphene oxide (Fe3O4@GO-naphthalene-SO3H): a novel and
recyclable nanocatalyst for green one-pot synthesis of 5-oxo-dihydropyrano
[3,2-c]chromenes and 2-amino-3-cyano-1,4,5,6-tetrahydropyrano[3,2-c]qui,
Res. Chem. Intermed. 45 (2019) 2095–2118, https://doi.org/10.1007/s11164-
018-03722-y.

[43] Y.-X. Ma, W.-J. Shao, W. Sun, Y.-L. Kou, X. Li, H.-P. Yang, One-step fabrication of
b-cyclodextrin modified magnetic graphene oxide nanohybrids for adsorption
of Pb(II), Cu(II) and methylene blue in aqueous solutions, Appl. Surf. Sci. 459
(2018) 544–553, https://doi.org/10.1016/j.apsusc.2018.08.025.

[44] R. Sedghi, B. Heidari, M. Yassari, Novel molecularly imprinted polymer based
on b-cyclodextrin@graphene oxide: Synthesis and application for selective
diphenylamine determination, J. Colloid Interface Sci. 503 (2017) 47–56,
https://doi.org/10.1016/j.jcis.2017.05.013.

[45] R. Siburian, H. Sihotang, S. Lumban Raja, M. Supeno, C. Simanjuntak, New route
to synthesize of graphene nano sheets, Orient. J. Chem 34 (1) (2018) 182–187.

[46] H.O. Onset, J. Sui, The effects of KCl, NaCl and K 2 CO 3 on the, Oxid. Met. 85
(2016) 565–598.

[47] A.A. Alqadami, M. Naushad, Z.A. ALOthman, M. Alsuhybani, M. Algamdi,
Excellent adsorptive performance of a new nanocomposite for removal of toxic
Pb(II) from aqueous environment: Adsorption mechanism and modeling
analysis, J. Hazard. Mater. 389 (2020) 121896, 10.1016/j.
jhazmat.2019.121896.

[48] D. Li, T. Hua, J. Yuan, F. Xu, Methylene blue adsorption from an aqueous
solution by a magnetic graphene oxide/humic acid composite, Colloids
Surfaces A Physicochem. Eng. Asp. 627 (2021), https://doi.org/10.1016/
j.colsurfa.2021.127171 127171.

[49] V. Georgakilas, J.N. Tiwari, K.C. Kemp, J.A. Perman, A.B. Bourlinos, K.S.
Kim, R. Zboril, Noncovalent functionalization of graphene and graphene
oxide for energy materials, biosensing, catalytic, and biomedical
applications, Chem. Rev. 116 (2016) 5464–5519, doi: 10.1021/acs.chemr
ev.5b006 20.

[50] T. Ma, Y. Wu, N. Liu, Y. Wu, Hydrolyzed polyacrylamide modified diatomite
waste as a novel adsorbent for organic dye removal: adsorption performance
and mechanism studies, Polyhedron 175 (2020), https://doi.org/10.1016/j.
poly.2019.114227 114227.

[51] Munasir, R.P. Kusumawati, D.H. Kusumawati, Kusumawati, Magnetic
Properties of Fe3O4@Graphene: preparation from Natural Material, J. Phys.
Conf. Ser. 1569 (4) (2020) 042087.

[52] T.H. Do, V.T. Nguyen, N.Q. Dung, M.N. Chu, D. Van Kiet, T.T.K. Ngan, L. Van Tan,
Study on methylene blue adsorption of activated carbon made from Moringa
oleifera leaf, Mater. Today Proc. 38 (2021) 3405–3413, https://doi.org/
10.1016/j.matpr.2020.10.834.

[53] A. Maleki, M. Mohammad, Z. Emdadi, N. Asim, M. Azizi, J. Safaei, Adsorbent
materials based on a geopolymer paste for dye removal from aqueous
solutions, Arab. J. Chem. 13 (2020) 3017–3025, https://doi.org/10.1016/j.
arabjc.2018.08.011.

[54] M. Naushad, A.A. Alqadami, Z.A. AlOthman, I.H. Alsohaimi, M.S. Algamdi, A.M.
Aldawsari, Adsorption kinetics, isotherm and reusability studies for the
removal of cationic dye from aqueous medium using arginine modified
activated carbon, J. Mol. Liq. 293 (2019), https://doi.org/10.1016/
j.molliq.2019.111442 111442.

[55] Über die Adsorption in Lösungen, Zeitschrift Für Phys, Chemie. 57U (1907)
385, https://doi.org/10.1515/zpch-1907-5723.

[56] A. Wallis, M.F. Dollard, Local and global factors in work stress - The Australian
dairy farming examplar, Scand. J. Work. Environ. Heal. Suppl. (2008) 66–74.

[57] D.-W. Cho, B.-H. Jeon, C.-M. Chon, F.W. Schwartz, Y. Jeong, H. Song, Magnetic
chitosan composite for adsorption of cationic and anionic dyes in aqueous
solution, J. Ind. Eng. Chem. 28 (2015) 60–66.
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