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ABSTRACT

In this work, we have revealed efficient solvothermal method for the synthesis of the graphene oxide
(GO)/magnetite (Fe,O,) nanocomposite for the removal of malachite green (MG) from aqueous solution.
The nanocomposite was characterized by X-ray diffraction, scanning electron microscopy, transmission
electron microscopy, nitrogen adsorption-desorption and vibrating sample magnetometer isotherm
analysis. Using adsorption models for equilibrium and kinetic investigation, it was found that the
goodness of mathematical fitting of the batch adsorption data on the adsorption isotherms conformed
well to the Langmuir isotherm, and the kinetic models could be described by the pseudo-second-
order model. The thermodynamic parameters reveal that the adsorption process is spontaneous and
endothermic in nature. The prepared GO/Fe, O, nanocomposite showed excellent efficient removal
of MG (over 98% for 1.0 g L) with high adsorption capacity (220 mg g™) and rapid separation from
water by an external magnetic field because of the efficient combination of the advantages of GO and
the Fe,O, nanoparticle. These results proved that the preparation of GO/Fe,O, nanocomposite can be
used as an efficient, separable adsorbent to adsorb MG contaminants in water.
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1. Introduction antifungal, antibacterial and antiparasitical agent [5-7]. But
many studies indicate that MG is environmentally persistent
and acutely toxic to aquatic and terrestrial animals, which
may result in teratogenic, carcinogenic and mutagenic effects
on the human body [8-10]. Therefore, it is highly necessary
to develop effective methods to remove MG from the envi-
ronment. Commonly, MG wastewater treatment methods
include adsorption, flocculation, electrolysis, membrane fil-
tration, biooxidation and so on [11-14]. Of these, the adsorp-
tion technology is regarded as one of the most effective
methods to remove dye pollutants. Typical adsorbents are
molecular sieve, adsorption resin, activated carbon and its

Various kinds of synthetic dyes have been used as
important raw materials for colorants in a variety of indus-
tries such as textiles, leather, paper, wool, cosmetics and
printing. However, if released into water, synthetic dyes
may pose a significant threat to the environment and human
beings due to their toxic and even carcinogenic effects [1-4].
As a basic dye, malachite green (MG) is a cationic triph-
enylmethane dye which has been widely used as a strong
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derivatives [15]. They are low in adsorption efficiency and
are difficult to separate and recover. As a consequence, there
is pressure to develop new adsorbents with low cost, high
adsorption capacity and good recyclability.

Graphene is a new type of single-atom two-dimensional
material which has a wide application prospect in opti-
cal, electrical and thermal fields [16,17]. Graphene oxide
(GO) as its important derivative, contains a large number
of hydroxyl, carboxyl and a variety of oxygen-containing
functional groups, can fix metal or metal oxide to its surface
[18]. Meanwhile, magnetite (Fe,O, NPs) has the advantage
of small size and large surface area [4]. In the immobilized
enzyme carrier biochemical products such as separation,
catalysis and other fields are widely used [19]. The GO/Fe,O,
nanocomposite, which is prepared by combining iron oxide
and GO, can take advantages from both. The separation and
recovery will proceed quickly and efficiently under external
magnetic field to avoid secondary pollution [20].

In this context, a novel GO/Fe,O, nanocomposite for effi-
cient MG adsorption from aqueous solution was synthesized
using a simple solvothermal method as shown in Fig. 1. The
kinetics and thermodynamics of the dye adsorption on the
GO/Fe,0, nanocomposite have been investigated. The result-
ing GO/Fe,O, nanocomposite could be utilized as a magneti-
cally separable and efficient adsorbent for dye removal from
water.

2. Experimental methods
2.1. Materials

All reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd, China, and used without further purifica-
tion. They included iron chloride hexahydrate (FeCl,-6H,0),
sodium acetate (NaOAc), sodium hydroxide (NaOH), hydro-
chloric acid (HCI), graphite powder, anhydrous ethanol,
potassium permanganate and sulfuric acid, hydrogen
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peroxide (30%) and MG. Deionized water was used in the
synthesis and all treatment processes.

2.2. Preparation of graphene oxide

GO was prepared from expandable graphite powder
according to the modified Hummers method [21]. First,
23 mL of concentrated sulfuric acid was added into a 250 mL
flask and cooled by immersing it into ice bath, then 1.0 g
of graphite powder and 1.0 g of NaNO, were gradually
added into the flask and electromagnetically stirred for 1 h.
Subsequently, 10 g of KMnO, was slowly added under stir-
ring at temperature below 283 K, the stirring process main-
tained for about 2 h. Next, the ice bath was removed out and
the mixture cooled and kept at room temperature overnight.
40 mL cooled water was slowly added into the flask with con-
tinuous stirring and the temperature maintained at 363 K in
the water bath for 0.5 h. In the next step, 140 mL water and
10 mL of 30% (v/v) H,O, were added to quench the reaction.
Then, the centrifugation and repeated rinsing with 10% HCl
were performed until there is no precipitation phenomenon.
Finally, the generated brown powder of graphite oxide was
dried at 353 K under vacuum for 12 h for further reactions.

2.3. Preparation of GO/Fe,O, nanocomposite

Preparation of GO/Fe, O, nanomaterials was carried out
using the solvothermal method. The as-prepared GO (0.5 g)
was exfoliated by ultrasonication in 80 mL of ethylene glycol
for more than 3 h. 1.6 g FeCl;-6H,O and 3.2 g NaOAc were
then dissolved in a GO ethylene glycol solution at ambient
temperature. After stirring for about 30 min, the solution was
transferred into a 100 mL Teflon-lined stainless steel auto-
clave and kept at 473 K for 6 h followed by cooling to room
temperature naturally. The black precipitate was centrifuged,
washed several times with ethanol, and finally dried at 333 K
for 12 h in a vacuum oven to yield GO/Fe,O, nanocomposite.

Fe(III)

6h
473 K

GO/Fe;O, nanocomposite

Fig. 1. Schematic illustration of the synthesis of the GO/Fe,O, nanocomposite serving as magnetic adsorbent for MG uptake.
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2.4. Characterization

The powder X-ray diffraction (XRD) measurements were
recorded on a Dmax/Ultima IV diffractometer (Rigaku, Japan)
with monochromatized Cu Ka, radiation (A = 0.15418 nm).
Morphological changes were analyzed using a ZEISS Supra
55 microscope (SEM). Diameter distribution was determined
by measuring at least 100 random nanoparticles in the SEM
images. The diameters of nanoparticles were analyzed using
software Image ] 1.3s. The microstructure of the sample
was observed by transmission electron microscopy (TEM)
(JEM-2100, JEOL, Japan) N, adsorption isotherms were
obtained wusing ASAP 2020 instrument (Micromeritics,
USA). The samples were outgassed at 393 K for 8 h before
measurements. The specific surface area was calculated by
the Brunauer-Emmett-Teller (BET) method. Magnetization
measurements were carried out using a vibrating sample
magnetometer (VSM, 7404, Lake Shore, an applied magnetic
field of 300 Oe at room temperature) under applied magnetic
field at room temperature.

2.5. General procedures for the adsorption experiments

The adsorption of MG in aqueous solution on the
as-prepared GO/Fe,O, nanocomposite was performed in a
batch experiment. First, 0.01 g of GO/Fe,O, nanocomposite
was added to 50 mL of the initial concentration of MG solution;
the use of constant temperature oscillator at 200 r min™' speed
of oscillation for 10 h. The adsorption temperature was 333 K,
and the pH of the solution was adjusted with dilute hydro-
chloric acid or sodium hydroxide to 3-9, respectively. The

concentration of the adsorbed dye was measured after mag-
netic separation. The adsorption calculation formula:

gy M

where g (mg-g™) is the amount adsorbed per gram of adsorbent;
¢, and c, are the initial and equilibrium concentrations of MG in
the solution (mg L™), respectively; m is the mass of the adsor-
bent used (g) and V (L) is the initial volume of the MG solution.

2.6. Desorption experiments

For the desorption study, 0.01 g GO/Fe,O, nanocom-
posite was added to 50 mL of MG solution (60 mg L) and
shaken in a 200 r min™' water bath shaker for 10 h. After mag-
netic separation, the supernatant was withdrawn to analyze
the remaining MG concentration. The adsorbent was treated
by ultrasound for 1 h after adding 25 mL of ethanol (pH 3.0)
to achieve complete desorption. The adsorption-desorption
process of MG was repeated four times.

3. Results and discussion
3.1. Characterization of GO/Fe,O, nanocomposite

In this work, the GO/Fe,O, nanocomposite was prepared
according to the reported procedure [22].

In order to investigate the morphology of the products,
scanning electron microscopy (SEM) analysis and TEM

Fig. 2. SEM images of the GO (a) and GO/Fe,O, nanocomposite (b) and TEM images of the GO (c) and GO/Fe,O, nanocomposite (d).
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analysis were used. Fig. 2(a) shows a typical morphology of
the GO obtained by the improved Hummers methods. It can
be seen that GO presents a large sheet of structural thickness,
smooth surfaces and wrinkled edges. The GO/Fe,O, nano-
composite exhibited a rough surface (Fig. 2(b)). Meanwhile,
distributed dark spots could be seen on the surface of the
graphene layer (many Fe,O, nanoparticles were observed on
the surface of graphene). As shown in Fig. 3(c), the diameter
of Fe,O, NPs in GO/Fe,O, nanocomposite was about 60 nm
by measuring at least 100 random nanoparticles in the SEM
images using software Image ] 1.3s. The Fe,O, NPs were
uniformly decorated and firmly anchored on a corrugated
graphene layer. The structure of graphene can effectively
prevent the Fe,O, NPs from agglomerating and uniformly
distributing on the graphene oxide, increasing the active site
on the surface of the material.

Similarly, Figs. 2(c) and (d) show TEM images of GO
and GO/Fe,O, nanocomposite. There are many oxygenated
functional groups, such as hydroxyl, epoxy and carboxyl on
the surface of GO sheet [23], so the hydroxylated iron com-
plexes are able to homogeneously anchor onto the surfaces of
GO sheets. As can be seen in Fig. 2(d), Fe,O, NPs are grown on
GO sheets to form surface-bound nanocomposite, showing a
tight bond between the components. GO/Fe,O, nanocomposite
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retains well-shaped 2D nanostructure of GO sheets, and
Fe,O, NPs with uniform diameter are ultradispersed onto
GO sheets, with no obvious large or aggregated Fe,O, NPs
observed. After dissolving 0.03 g of GO/Fe,O, nanocomposite
in 4 mL of HCI, the solution will be cooled to room tempera-
ture. Transfer the cooled liquid to a 100 mL volumetric flask
and dilute to volume by distilled water. Constant volume
solution was sent to ICP-OES for measurement Fe* concen-
tration. The mass ratio of Fe,O, was calculated to be 58.5%
The XRD patterns of the as-prepared samples were
analyzed by X-ray diffractometer as depicted in Fig. 3(a).
GO shows a broad peak of the plane approximately at 10.5°
with the literature reported [24]. The XRD patterns of Fe,O,
NPs and GO/Fe,O, nanocomposite are presented in the
figure for comparison. It can be seen from Fig. 3(a) that the
GO/Fe,O, peaks of composite material are 18.2°, 30.0°, 35.3°,
42.9°, 53.4°, with the main characteristic peaks of GO/Fe,O,
nanocomposite appearing at 56.9° and 62.5°. The character-
istic peak position and characteristic peak were consistent
with those reported in the literature [22], indicating that the
GO/Fe,O, nanocomposite has been successfully synthesized.
In addition, the peak of GO/Fe,O, nanocomposite appeared
at 24° because of the recovery of part of the graphite crystal
structure in the composite after heat treatment [22].
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Fig. 3. (a) X-ray diffraction patterns of GO, Fe,O, NPs and GO/FeSO4 nanocomposite; (b) N, adsorption/desorption isotherms of
GO/Fe,O,nanocomposite and (c) the diameter distribution histograms of Fe,O, NPs.
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The adsorbent was further characterized by N,
adsorption/desorption isotherm. Fig. 3(b) illustrates that the
isotherms exhibit type IV shape with H, hysteresis loop in the
range of 0.50-0.98 relative pressure, indicating the existence
of mesoporous structures in the GO/Fe,O, nanocompos-
ite. The BET surface area of the GO/Fe,O, nanocomposite is
54.67 m? g Besides, the pore size distribution of the adsor-
bent was calculated using the Barrett—Joyner-Halenda (BJH)
method. The average pore size of GO/Fe,O, nanocomposite
adsorption is 16.61 nm and the average pore size of desorption
is 14.74 nm. GO/Fe,O, nanocomposite has more pore size than
Fe,O, NPs, this change can be attributed to the role of GO in
the pore structure of the custom GO/Fe, O, nanocomposite. The
BET surface area of GO/Fe,O, nanocomposite is 54.67 m* g™'.

Direct evidence for the formation of GO/Fe,O, nanocom-
posite was provided using a VSM at room temperature with an
applied magnetic field of 300 kOe. Fig. 4(a) is the magnetization
hysteresis loops of GO/Fe,O, nanocomposite. The saturation
magnetization of GO/Fe,O, nanocomposite was 49.46 emu g,
which is much higher than that of the bare GO/Fe,O, nanocom-
posite particles reported in previous literature [25]. SEM obser-
vation suggested that the magnetic Fe,O, NPs were intimately
attached to the surface of graphene oxide which acts as a mag-
netically inactive layer at the surface of magnetic surface in the
composite system, thus affecting the uniformity or magnitude of
magnetization. In Fig. 4(a), the value of remanence magnetiza-
tion and coercivity of the GO/Fe,O, nanocomposite is very low,
indicating that GO/Fe,O, nanocomposite is superparamagnetic
at room temperature. The superparamagnetic performances
suggest that GO/Fe,O, nanocomposite can be easily separated
from water by an applied magnetic field as demonstrated in Fig.
4(b). Meanwhile, after removing the magnetic field, GO/Fe,O,
nanocomposite can be well dispersed into reaction solution.

3.2. Removal of MG influencing factors by GO/Fe,O,
nanocomposite

A series of batch experiments were carried out
individually to determine the MG adsorption capacity of the
GO/Fe,O, nanocomposite.
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Fig. 5 shows the effect of the pH on the adsorption capac-
ity of MG on the GO/Fe,O, nanocomposite. The adsorp-
tion capacity of MG on the adsorbent at different pH was
60 mg L, the adsorption time was 10 h and the adsorption
temperature was 333 K. When the pH is greater than 9, in
strong alkali conditions, the solution of OH~ ions will be
associated with the MG chemical reaction and cause the
solution to fade. The adsorption capacity and removal rate
of MB gradually increases with increasing solution pH from
4.0 to 9.0. The reason for this is that pH of the solution can
affect the surface charge of the adsorbent due to the presence
of a large number of negatively charged oxygen-containing
groups in the GO [26,27]. When pH is 4-5, H' can compete
with the reactive molecules on the adsorbent. The point
leads to a decrease in the amount of adsorption. As the pH
increases, the electrostatic attraction between the adsorbent
and the cationic dye MG increases, resulting in an increase
in dye adsorption capacity. The results show that GO/Fe O,
nanocomposite can adsorb MG when pH is 9.

As shown in Figs. 6(a) and (b), the adsorption capac-
ity of the composite increases with increasing initial dye
concentration, the absorbance gradually decreases with an
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Fig. 5. Effect of solution pH on the adsorption on the GO/Fe,O,
nanocomposite (c;: 60 mg L7; T: 333 K; t: 10 h; m: 10 mg; V: 50 mL).
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Fig. 4. (a) Hysteresis loops of the GO/Fe,O, nanocomposite and the bottom inset shows close view of the hysteresis loops and
(b) the magnetic separation of the GO/Fe,O, nanocomposite under an external magnetic field.
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Fig. 6. (a) Time profile of MG adsorption on the GO/Fe,O, nanocomposite with different initial MG and (b) time evolution of the
UV-Vis spectra collected each 30 min during MG adsorption on the GO/Fe,O, nanocomposite (T: 333 K; m: 10 mg; V: 50 mL).

increase of time. At higher initial concentrations, more MG
molecules can be obtained on the surface of the composite
material, resulting in more active sites on the MG molecules
and adsorbents. The adsorption capacity of the dye increases
as the initial dye concentration increases because more MG
molecules are available at higher initial dye concentrations;
these concentrations provide higher driving force to over-
come the mass transfer resistance of the dye between the
aqueous phases and the solid phases, resulting in more col-
lisions between MG molecules and active sites on the adsor-
bent [28,29]. The amount of adsorbent adsorbed rapidly
increased in the first 30 min because of: (1) the electrostatic
attraction between the negatively charged oxygen-containing
groups and the cationic dye MG on the surface of the adsor-
bent; (2) MG molecules and GO aromatic m—m bond between
the role [30]. Therefore, considering relatively high adsorp-
tion capacity, rapid adsorption rate and convenient magnetic
reparability, the GO/Fe,O, nanocomposite could be used as a
promising alternative adsorbent for dye removal from water.
In addition, the amount of adsorbent affected the adsorp-
tion performance (Fig. 7). The dosage of adsorbent increased
from 0.2 to 1.0 g L, the removal rate of MG increased from
56.4% to 98.2%, and the adsorption capacity of adsorbent on
MG decreased from 181.7 to 60.9 mg g'. This is because the
concentration of the adsorbent is too high, resulting in the
overlap of the active sites, causing a decrease in the amount of
adsorbent. When the amount of adsorbent exceeds 0.6 g L,
the increase in adsorbent’s removal rate of MG is slow. When
the amount of adsorbent is 0.8 g L7, the initial concentration
of MG is 60 mg L. The concentration of supernatant after
adsorption is 1.73 mg L. Considering factors such as the
removal rate of MG, the economic cost and the adsorption
capacity, the amount of adsorbent at 0.8 g L™ is best.

3.3. Adsorption kinetics

To better understand the adsorption mechanism and
kinetics, the pseudo-first-order, pseudo-second-order and
intra-particle diffusion kinetic models were used to investi-
gate the kinetics of MG adsorption on the GO/Fe,O, nano-
composite. The model was as follows (Eq. (2)—-(4)) [31-33]:
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Fig. 7. Effect of adsorbent dose on adsorption of MG by GO/Fe,O,
nanocomposite (T: 333 K, t: 10 h; m: 10 mg; V: 50 mL).
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where t is the adsorption time (min), g, is the amount of
adsorption at time ¢t (mg g™). g, and g, are the equilibrium
adsorption capacities (mg g™) for the first-order kinetic
model and the quasi-second-order kinetic model. k, is the pri-
mary reaction rate constant (min™), k, is the quasi-secondary
reaction rate constant, where a and {3 are the Elovich con-
stants and represent the initial adsorption rate (g mg™ min™)
and the desorption constant (mg g™ min™), respectively. The
Elovich constants can be obtained from the graphs of g, vs. Int.

Table 1 and Figs. 8(a)-(c) show the results of quasi-first-
order, quasi-second-order kinetic model and Elovich kinetic
model for the adsorption of MG by GO/Fe,O, nanocomposite,
the quasi-second-order kinetic linear correlation coefficient,
the theoretical equilibrium adsorption capacity and the
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Table 1
GO/Fe,0O, nanocomposite adsorption of MG kinetic parameters
Concentration ¢, Pseudo-first-order kinetics Pseudo-second-order kinetics Elovich
(mgL7) (mgg™)  kx10° g, R k,x 10 oca(Mgg?) R« p R
(min™)  (mg-g™) g (mg-min)”
20 90 1.272 98.46 0.882 1.833 101.32 0.998 0.0165  18.855  0.990
40 151 1313 13891 0.919 1.138 169.21 0.998 0.0135  29.828  0.986
60 189 1379 188.07 0.907 0.966 212.31 0.999 0.010 38.623  0.981
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Fig. 8. Pseudo-first-order kinetic model (a), pseudo-second-order kinetic model (b), Elovich kinetic model (c) and intra-particle
diffusion kinetic model (d) for the adsorption of MG onto GO/Fe,O, nanocomposite with different initial concentrations.

experimental results. It can be seen that the pseudo-second-
order kinetics model is more suitable for the interpretation
of the dye adsorption mechanism because the relationship
between experimental data and kinetics is determined by
applying the correlation coefficient (R?), it can be seen that
the R? value of the pseudo-second-order dynamical model is
higher than the R? value of the pseudo-first-order dynamical
model. In addition, the calculated g, value is also consistent
with the experimental data. Therefore, the adsorption of MG
by the magnetic material is in accordance with the pseudo-
second-order kinetic equation.

The adsorption kinetics of MG on the solid particles is
controlled by the following three steps: (1) boundary diffu-
sion, (2) MG adsorption on the surface of solid particles and
(3) internal diffusion [34]. The internal diffusion model is as
follows:

05
q,= kpt +B (5)

where k (mg g™ min®) is the particle diffusion rate constant.
B is the adsorption constant. If we plot g, — "%, we can get
a straight line, indicating that the whole adsorption process
is controlled by the diffusion within the particle, and if it is
straight and through the origin, it is the only constant speed
step. If the multi-linearity is plotted with g, — t°5, it indicates
that the adsorption process is a complex process controlled
by multiple velocity steps. As shown in Fig. 8(c), the kinetic
data are fitted with three-stage linearity by intra-particle dif-
fusion model, indicating that the adsorption process which
is complex is divided into three stages: the adsorption of
MG at the first stage adsorbent increases with {*° and sig-
nificantly increased, which corresponds to the diffusion of
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the boundary layer of MG. In the second stage, the adsorp-
tion of MG on the adsorbent increases with an increase of t°?,
but the slope of the second line is smaller and the adsorp-
tion capacity increases more slowly than in the first stage,
because the second stage is controlled by particle diffusion.
The third stage of adsorption tends to saturate, which means
that the adsorption reaches equilibrium stage. Therefore, the
process of adsorption MG was not only controlled by the
intra-particle diffusion but also by the membrane diffusion.

3.4. Isothermal adsorption line

The adsorption behavior of GO/Fe,O, nanocomposite on
MG was simulated by Langmuir, Freundlich and Temkin
adsorption models. The model is as follows (Egs. (6)—(8))
[35-37]:

e 1 ¢

qe - QmKL Qm (6)
Inc,

Ing, =InK, + 7)

g, =BInK, +Blnc, 8)

where ¢, (mg L) is the equilibrium concentration of MG.
q, (mg-g™") for the amount of adsorbent adsorbed MG.
Q,, (mg-g™) is maximum adsorption capacity, K, (L-mg™) is
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the balance constant. K, and 1/n represent the Freundlich
constant of adsorption capacity and adsorption intensity,
respectively. B and K. (L g™) are the constants.

Isotherm studies can describe how the adsorbates inter-
act with adsorbents, affording the most important parameter
for designing a desired adsorption system. The adsorption
isotherms of MG on the GO/Fe,O, nanocomposite at differ-
ent initial concentrations are given in Figs. 9(a)—-(c). As shown
in Table 2, which summarizes the Langmuir, Freundlich
and Temkin constants and the calculated coefficients, the
Freundlich equation correlation coefficient of GO/Fe,O,
nanocomposite adsorbed MG indicates that the adsorption
of MG onto GO/Fe, O, nanocomposite is in agreement with

Table 2
Langmuir, Freundlich and Temkin parameters for adsorption of
MG by GO/Fe,O, nanocomposite at different temperature

Isothermal Parameter 313 K 323 K 333 K
Langmuir Q, (mgg™) 220 317 336
equation K, (L-mg™) 0.21 0.29 0.37
R? 0.960 0.972 0.994
Freundlich K, (mg-g™) 70.940 88.146 92.516
equation 1/n 0.338 0.321 0.420
R? 0.870 0.757 0.686
Temkin B (L-g") 45.074 50.130 76.865
equation K, (L-g™h 3.344 4.675 2.615
R? 0.922 0.870 0.826
(b)ss
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Fig. 9. Langmuir (a), Freundlich (b) and Temkin (c) isotherm model for MG adsorption onto GO/Fe,O, nanocomposite at different

temperatures.
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Langmuir. The adsorption of MG onto GO/Fe,O, nanocom-
posite is also in agreement with Langmuir. The addition of
the Freundlich equation at different temperatures of 313, 323,
333 K is greater than 1, indicating that GO/Fe,O, nanocom-
posite is easy to adsorb MG preferential adsorption.

In order to determine whether an adsorption system is
“favorable” or “unfavorable” between the adsorbent and the
adsorbate, R, the separation factor or equilibrium parameter,
is also calculated using Eq. (9) [38]:

1
R =
b 14, 9)

where b (L mg™) is the Langmuir constant and ¢, (mg L) is
the initial dye concentration. The value of R, indicates the
shape of the isotherm to be either unfavorable (R, > 1), linear
(R, =1), favorable (0 < R, <1) or irreversible (R, = 0) [39]. The
R, values between 0 and 1 indicate favorable adsorption. For
MG adsorption on the GO/Fe,O, nanocomposite, the R, val-
ues obtained are far less than 1, thereby confirming that the
adsorption is a favorable process.

3.5. Adsorption thermodynamics

To study the inherent energy changes within the adsorp-
tion process, the thermodynamic parameters of the adsorp-
tion were investigated. The change in the Gibbs free energy
(AG), enthalpy (AH) and entropy (AS) was calculated from
the following Eqs. (10) and (11) [40]:

AGZ*RTIHKD (10)
AS AH

InkK, ==2-=—"- 11

8 = T RT (1

where R is the gas constant (8.314 ] mol™ K™), K, is the dis-
tribution coefficient (K, = q /c)), AH and AS can be calculated
from the slope of the curve and intercept of the calculated
temperature of the adsorption of MG thermodynamic param-
eters shown in Fig. 10 and Table 3.

The negative AG indicates that the adsorption of MG on
GO/Fe,O, nanocomposite was carried out spontaneously.
The adsorption value was 256.37 and 75.16 k] mol™. This is
greater than zero and indicates that the degree of confusion
in the adsorption process is increased because the adsorption
of a large number of water molecules at the solid/liquid inter-
face is greater than zero. This indicates that the GO/Fe,O,

Table 3
Thermodynamic parameters of MG in GO/Fe,O, nanocomposite
adsorbed water

Temperature K, AG AS AH

(K) (L'mg?) (kJ'mol™) (Jmol*K™) (kJ-mol™)
313 7.79 -5.342

323 13.82 -7.052  256.37 75.16

333 42.17 -10.359

nanocomposite adsorbed MG is an endothermic process,
which is conducive to the promotion of the adsorption tem-
perature. More than 40 k] mol™ indicates that the adsorption
process is chemisorption, less than 40 k] mol™, indicates that
the adsorption process is physical adsorption, 75.16 k] mol™
is greater than 40 k] mol™, indicating that the adsorption pro-
cess is chemical adsorption [40]. A positive value of AS means
that randomness at the solid-solution interface increases
during the adsorption. At all three temperature |AS| > [AHI,
demonstrating that the adsorption is dominated by entropy
effect rather than enthalpy change.

3.6. Regeneration

The stability and regeneration ability of the adsorbent is
crucial for its practical application. The cycles of adsorption—
desorption experiments were also carried out as shown in
Fig. 11(a). After once, twice, three times, four times, after
regeneration, the saturated adsorption capacity was 83.6%,
80.2%, 77.7% and 73.1%, respectively. It can be found that
the adsorption capacity did not decrease apparently. After
four cycles, the adsorption rate reduced by only 10%. The
XRD patterns and SEM images of regenerated GO/Fe,O,
nanocomposite are shown in Figs. 11(b)-(d). Compared
with the XRD of fresh GO/Fe3O4 nanocomposite, the XRD
pattern of the regenerated GO/Fe,O, nanocomposite did
not change significantly. Meanwhile, the SEM morphology
after regeneration also showed that the crystal shape did
not change significantly. In addition, the use of magnetic
separation GO/Fe,O, nanocomposite recovery, when the
initial input amount of 10 mg, the recovery rate can reach
90.27% + 4.46%, compared with other materials recycle,
such as an activated electric arc furnace slag (A-EAFS) [41],
Fe,O,/activated montmorillonite (Fe,O,/Mt) [42], the usage
of a composite of zinc sulfide nanoparticles with activated
carbon (ZnS-NPs-AC) [43], indicating that the GO/Fe,O,
nanocomposite has relatively good stability and reusability.

3.7. Comparison with other adsorbents

It can be seen from Table 4 that the adsorption capacity
of GO/Fe,O, nanocomposite to MG is higher than that of
other materials. The reason for this phenomenon is due to
the presence of electrostatic attraction between the negatively
charged oxygen-containing groups on the GO/Fe,O, nano-
composite surface and the cationic MG and the effect of the

.
361
32F
a
M 2.8
=
— L ]
24}
20} .
0.00300 0.00305 0.00310 0.00315 0.00320
1/T(K)

Fig. 10. Plot of InK ) vs. 1/T for MG dye adsorption by GO/Fe,O,
nanocomposite (c,: 60 mg L™; t: 10 h; m: 10 mg; V: 50 mL).
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Fig.11.(a) Recycling of GO/Fe,O,nanocomposite on MG adsorption; (b) XRD patterns of GO/Fe,O, nanocomposite and forth-regenerated
GO/Fe,O, nanocomposite. SEM images of (c) GO/Fe,O, nanocomposite and (d) forth-regenerated GO/Fe, O, nanocomposite.

Table 4
Comparison of g, for different adsorbents

Serial Adsorbents q, References

number (mg-g™)

1 GO/Fe,O, nanocomposite 220 This study

2 Glutamate-functionalized 197 [44]
sawdust

3 Graphene oxide-agarose 186 [45]
hydrogel

4 Sepiolite/cellulose hybrid 314 [46]
bead (SCB)

5 Cattail biomass—based 210 [47]
activated carbon

6 Wood apple shell 35 [48]

7 Activated carbon derived 32 [49]
from durian seed

8 Aluminum(Ill)-based MOF 141 [50]
(MIL-53(A1)-NH,)

9 Cellulose modified with 370 [51]
maleic (M) anhydride

10 Cellulose modified with 111 [51]
phthalic (P) anhydride

11 Carboxylate-functionalized 150 [52]
adsorbent

12 Cellulose-based adsorbent 132 [53]

13 Treated ginger waste 188 [54]

n—1t bond between the MG molecule and the GO aromatic
compound. Compared with the material filtration and sep-
aration in Table 4, such as Cattail biomass—-based activated
carbon [47], CMA [51] and CMGT [53], the material can be
quickly separated by external magnetic field to avoid second-
ary pollution and the preparation process is simple and eco-
nomical. This study provides an easy way to prepare highly
efficient magnetic nanomaterials adsorbents to remove MG
from water. These advantages are not available in other
materials displayed in Table 4.

4. Conclusions

In summary, a GO/Fe,O, nanocomposite was prepared
as an efficient adsorbent for MG uptake by a solvothermal
method loading of Fe,O, NPs on the surface of graphene
oxide. The adsorbent was separated from the dye solution
quickly by an additional magnetic field to avoid secondary
pollution. The results indicated that the process is in accor-
dance with the quasi-second-order kinetics equation and
the Freundlich adsorption model. Besides, the adsorption
thermodynamic parameters indicate that this process is
spontaneous and endothermic. The magnetic composite has
strong adsorption capacity for MG in water with a saturated
adsorption capacity of 220 mg g™. In addition, m—mt and elec-
trostatic interactions are assumed to be the main causes of
high adsorbent adsorption. The regeneration of the adsorbent
showed that GO/Fe,O, nanocomposite has remarkable poten-
tial for dye removal even after four adsorption-desorption
cycles. This study indicates that the as-prepared GO/Fe O,
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nanocomposite could be utilized as a magnetically separable
and efficient adsorbent for the removal of MG from aqueous
solution.
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