Green synthesis of graphene oxide-MnFe,O4 composites and their application
in removing heavy metal ions
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The composites of graphene oxide (GO) decorated by MnFe,O,4 have been synthesised via a green and facile strategy that the pristine
GO/MnSOy suspension prepared by Hummers method was directly utilised to convert into the GO-MnFe,0, composites. The as-prepared
composites were characterised using X-ray diffraction, scanning electron microscopy, Fourier transform infrared spectroscopy, Raman
spectra and X-ray photoelectron spectroscopy. The results indicated that the GO-MnFe,O, composites were successfully synthesised.
The removal behaviours of Pb>" and Cu®*" onto GO-MnFe,O, were investigated, which indicated that the composites exhibited great
adsorption property in aqueous solution. The adsorption process could be fitted well by the pseudo-second-order model and Langmuir
isotherm. The thermodynamic studies indicated that the adsorption process of Pb*>" and Cu®" onto GO-MnFe,O, composites was
spontaneous and endothermic in nature. Furthermore, the maximum adsorption capacities for Pb>" and Cu®* calculated from Langmuir
model were about 263.85 and 103.41 mg/g at 318 K, respectively. Based on the results from the reusability experiments, the as-prepared

GO-MnFe,0, composites could be used as a potential adsorbent for removing Pb*>* and Cu®* ions from aqueous solutions.

1. Introduction: Water pollution has been an issue of global
concern due to the arbitrary disposal of heavy metals and organic
pollution from industries and daily life [1]. It is known that
heavy metals will cause serious harm to living organisms due
to its toxicity, bio-accumulation and carcinogenicity [2]. For the
removal of heavy metals, many techniques and common
methods, including ion exchange [3], co-precipitation [4],
membrane filtration [5] and adsorption have been developed.
Among these techniques, adsorption, which is facile to perform
and design, has been considered as one of the most attractive and
promising methods. Numerous different adsorbents including
activated carbon, zeolite, biochar, metallic oxides, organic material,
ion exchange resins and different nanostructured materials [6, 7]
have been studied for the removal of heavy metals. Since
the adsorbents play a vital role in the adsorption process, the
development of novel effective adsorbents is essential for water
purification.

Graphene, which is an important member of carbon nanomaterial
with a single carbon atomic layer in a honeycomb lattice, possesses
many outstanding physical and chemical properties [8]. Graphene
oxide (GO), which is a significant branch of graphene-based
materials and a highly oxidative form of graphene, can be obtained
by chemical exfoliation of graphite [9]. There are a large number of
oxygen-containing functional groups, such as carboxyl (-COOH),
carbonyl (-C = 0), epoxy (C—O—-C), hydroxyl (-OH) in the graphitic
backbone of GO. Large surface area and plenty of active oxygen-
containing functional groups allow GO to effectively bind with
heavy metal cations through coordination and electrostatic inter-
action [10, 11]. Although GO is a promising adsorbent for efficient
adsorption of heavy metal cations, the drawbacks of easy aggrega-
tion and difficulty of separating from water solution significantly
limit the application of GO in wastewater treatment. To solve
this problem, a valid technique that magnetic nanoparticles were
loaded on the surface of GO has been widely reported [12, 13].

Spinel ferrites (MFe,O,4, where M=Fe?", Mn?", Co?", Ni*" etc.),
which are a typical class of magnetic nanoparticles, have been
extensively applied in the various fields due to their magnetic
properties, excellent chemical stability and electric superiority
[14]. Among ferrites, MnFe,O, has received considerable attention
for potential application in wastewater treatment because of its
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outstanding properties such as high saturation magnetisation,
prominent durability and excellent catalytic activity [15]. Thus,
MnFe,0,4 nanoparticles and their derivative materials have been
used as efficient adsorbents for the removal of heavy metal ions
[16], dyes [15] and pesticides [17] and other contaminants in
recent years. Also, among the derivative composite materials of
MnFe,0,4, the GO-MnFe,0, composites have been synthesised
and used as adsorbents to remove the contaminants from aqueous
solution. For example, Peng et al. [18] have developed a method
for the fabrication of hollow three-dimensional (3D) graphene
oxide/MnFe,0, (GO/MnFe,04) by mediating GO suspension
with aniline and MnFe,0,. In this research, the graphene oxide
was firstly prepared, then MnFe,O4 was incorporated into graphene
architectures to obtain 3D graphene oxide/MnFe,O,4. Kumar et al.
[19] have produced GO-MnFe,O, magnetic nanohybrids for
efficient removal of lead and arsenic from water. Ghobadi et al.
[16] have investigated the potential of GO-MnFe,O, magnetic
nanoparticles to remove rare earth element. Ueda Yamaguchi
et al. [17] have synthesised magnetic MnFe,04-graphene hybrid
composite and used it as adsorbent for the removal of glyphosate.
However, there are two typical characteristics in this Letter.
Firstly, the GO is obtained by improved Hummers methods, and
secondly, the extra manganese ions such as MnCl, and MnSO,4
are added as the source of MnFe,0,. It is well known that the
pure GO should separate from GO/MnSO, suspension through
fussy and time-consuming procedures in the Hummers methods.
Also in this procedure, large quantities of manganese sources are
wasted. Therefore, to make highly efficient use of these manganese
sources, the pristine GO/MnSO, made by improved Hummers
methods was directly used as the source to prepare GO/MnFe,O,
in this study. Then, the removal behaviours of Pb®" and Cu®" by
GO/MnFe,0,4 were investigated in detail.

2. Experimental procedures: Natural flake graphite (100 mesh,
purity>99.95%) was obtained from Nantong Xianghai Carbon
Product Co., Ltd; H,SO,, KMnO,4, H3;PO, and H,0O, were
purchased from Sinopharm Chemical Reagent Co., Ltd. Metal
salts including FeCl;-6H,O, Pb(NOj3), and CuSO45H,O were
provided by Tianjin Fuchen Chemical Reagent Factory. The
chemicals were of analytical grade and used without further
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purification. All water used was ultra-pure water, which was
purified by a Milli-Q water purification system (Millipore,
Milford, MA).

2.1. Preparation of pristine GO/MnSO, suspension: The
GO/MnSO, suspension was prepared by improved Hummer’s
method from natural flake graphite. Briefly, 9:1 mixture of
H,S04/H3PO, was slowly added into a mixture of graphite and
KMnO,. The reaction was then heated to 50°C and stirred continu-
ously for 12 h to introduce the oxygen-containing functional groups
in the graphitic backbone. After cooling to room temperature,
the mixture was poured onto ice cubes and diluted to 250 ml with
ultrapure water. And then 30% H,0O, was added dropwise until a
brilliant yellow GO/MnSO, suspension was obtained.

2.2. Preparation of GO/MnFe,0, composites: The GO/MnFe,04
composites were prepared through a facile hydrothermal method.
Firstly, 10 mol/l NaOH was slowly dropped into the 10 ml
GO/MnSO, suspension (the concentration of Mn>" was about
4.05 mg/l) until a final pH =8-9 was reached and then the suspen-
sion was centrifuged to dislodge the supernatant (which contained a
great number of Na,SQO,). Secondly, the acquired brown precipitate
was diluted to 18 ml and then 0.4 g FeCl;-6H,O was added. After
that, an appropriate amount of NaOH was added until the pH of
mixture maintained at about 11. Finally, the resulting dispersion
was transferred to a 25 ml Teflon-lined stainless-steel autoclave
and maintained at 180°C for 8 h. After cooling to room temperature,
the obtained products were washed with ultra-pure water and centri-
fuged several times, and then the materials were dried under
vacuum-freeze for 48 h.

2.3. Characterisation methods: The surface morphologies of the
materials were observed by field emission scanning electron
microscopy (SEM, MIRA3 TESCAN). The phase, crystal structure
and crystallinity of as-synthesised materials were determined by
X-ray diffraction (XRD, Rigaku D/max 2550). Fourier transform
infrared (FT-IR) spectra were collected between 400 and
4000 cm™! on a Nicolet 6700 FT-IR spectroscopy. Raman spectros-
copy was obtained on a LabRam HR 800 spectrometer. X-ray
photoelectron spectrometry (XPS) was carried out on an XPS
system (Pekin-Elmer ESCA 5000c).

2.4. Adsorption studies: To assess the adsorption capacity of
as-prepared materials, the batch adsorption experiments were
carried out individually in 100 ml conical flask, each containing
5 mg adsorbent and 25 ml of Pb>" or Cu®" solution with various
concentrations. The mixture was shaken for a certain time in
a thermostat shaker. After equilibrium, the final supernatant was
filtered through a 0.45 um filter membrane and the concentration
of heavy metal ions was determined by ICP-AES. The adsorption
capacity of adsorbent was calculated using the following equation:

e (1)

¢ m

where Cy (mg/1) and C, (mg/1) are original and equilibrium concen-
trations of heavy metal ions, respectively, V(L) is the volume of the
solution, m (g) is the mass of the adsorbent, ¢, (mg/g) is the amount
of heavy metal ions adsorbed per unit amount of adsorbent. All the
experimental data were the average of triplicate determinations.

3. Results and discussion: The XRD patterns of pure GO, bare
MnFe,04 and GO-MnFe,0, are shown in Fig. 1. In the pattern
of pure GO, the peak at 20=9.82° indexed to the (002) pattern
of GO was found, confirming the existence of oxygen-containing
groups of graphene oxide [20]. In the XRD pattern of bare
MnFe,0,, the diffraction peaks at 20 =18.04°, 29.75°, 35.02°,
42.58°, 52.74°, 56.27°, 61.76° and 73.06° could correspond
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Fig. 1 XRD patterns of
a GO

b MIIF6204

¢ GO-MnFe,0y4

to (111), (220), (311), (400), (422), (511), (440) and (533) crystal
planes of MnFe,Oy,, respectively [16, 17]. In the XRD pattern of
GO-MnFe,0,, all diffraction peaks of MnFe,O, and no other
peaks of impurities were observed, which indicated the pure
cubic spinel crystal structure of MnFe,O, was formed in the
GO-MnFe,0, composites [21, 22]. Also compared with pure
MnFe,0,, the relatively weaker intensity of diffraction peaks of
MnFe,04 was observed in GO-MnFe,O, composites, suggesting
a lower crystallinity of the hybrid materials [23]. Noticeably, the
characteristic peaks of GO disappeared in the composites. This
phenomenon could be attributed to the hydrothermal reduction of
GO or the strong signals of the manganese ferrite overwhelming
the weak GO peaks [12].

The surface morphologies of as-prepared GO-MnFe,0, com-
posites were characterised by SEM images. As shown in
Fig. 2, GO exhibited transparent ultrathin nanosheet with a
smooth surface and many wrinkles, which indicated the graphite
was successfully exfoliated into graphene oxide [24]. For
GO-MnFe,0,, it was observed that the structure of GO sheets
remained, but the composites had rougher and more wrinkled
surface compared to the pure GO and many irregularity MnFe,O,4
particles were fully anchored on the surface of GO nanosheet.
Furthermore, the GO-MnFe,04 composites exhibited a loose
stacking of sheets and porous structure, which might be beneficial
to improve adsorption capacities of materials.

The FT-IR spectra of the samples are shown in Fig. 3. In the
spectrum of GO, the characteristic absorption peaks at
3402cm™', 1734 cm™', 1620 cm™', 1400 cm™" and 1114 cm™
were attributed to the hydroxyl group (O-H), the stretching vibra-
tion of carbonyl (C = O) groups, aromatic C=C, C—O—C asymmet-
ric stretching and alkoxy group (C-O), respectively [25]. The
results clearly revealed that the oxygen-containing functional
groups were successfully grafted on the GO sheet [26].
Compared with the FT-IR spectrum of GO, the bands related to

Fig. 2 SEM images of
a GO
b GO-MI’IF3204
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Fig. 3 FT-IR spectra of
a GO

b GO-MHF€204

¢ MnFe,0Oy4

oxygen-containing functional groups (-COOH and C-O-C) were
obviously disappeared in the FT-IR spectrum of GO-MnFe,0,,
revealing that thermal reduction of GO occurred in the hydro-
thermal process [17]. Also the new characteristic peak at
575 cm™" observed in GO-MnFe,O, composite was assigned to
the metal-oxygen stretching vibrations of manganese ferrite,
which indicated the GO-MnFe,O4 composite was successfully
synthesised [22].

The Raman spectroscopy was used to investigate the structure
and vibrational properties of as-prepared materials. It is well
known that the D band is associated with the vibration of sp’
carbon atoms of defects and order/disorder of the system, while
the G band is related to the vibration of sp> carbon atoms in a
graphitic 2D hexagonal lattice [27, 28]. In addition, the intensity
ratio of D band and G band (Ip/Ig) is used to evaluate the relative
degree of structural defects and the quality of carbon materials
[29]. As shown in Fig. 4, the intensity ratio increased from 0.86
(GO) to 1.17 (GO-MnFe,0,), representing an increase of defect
on the surface of GO after the introduction of MnFe,Oy, particles.
Furthermore, a new peak appearing at 624 cm™' in the spectrum
of GO-MnFe,O4 could be ascribed to the characteristic peak
of MnFe,0,4, which implied that the presence of MnFe,O, in the
composites [16, 30].

The detailed elemental composition and surface electronic state
of GO-MnFe,0,4 composites were investigated by XPS. Also the
corresponding XPS results were performed as shown in Fig. 5.
In the survey spectrum of GO, there were only two elements,
named C and O. Compared with GO, the survey spectrum of
GO-MnFe,0,4 not only exhibited the C and O signals but also
exhibited two additional peaks with binding energies of 642 and
711 eV, corresponding to Mn 2p and Fe 2p signals, respectively,
indicating the presence of MnFe,O, in the composites [31].

$GO |11.=086 |

—— b:GO-MnFe O | T/ =1.17
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a
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Fig. 4 Raman spectra of
a GO
b GO-MnFe,0,4
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Fig. 5 XPS spectra of RGO/MnFe,0, GO

a Survey scan

b—d C 1s region, Mn 2p region, Fe 2p region of GO/MnFe,0,; the inset in
(b) is C 1s region of GO

Furthermore, in the C 1s deconvoluted spectrum of
GO-MnFe,0,, the intensity of peaks of C 1s of the O-C=0 and
C-O forms decreased significantly, while the peak associated
with C—C/C=C became predominant, indicating an occurrence
of thermal reduction of GO during the hydrothermal process [32].
In the spectrum of Mn 2p (Fig. 4c¢), the doublet peaks appeared
at 641.9 eV for Mn 2p3,, and 653.6 ¢V for Mn 2p;,,, conforming
the oxidation state of Mn?" in MnFe,O, [33]. Moreover, for
Fe 2p spectra, two peaks with binding energies of 711.3 and
724.9 eV appeared, corresponding to Fe 2ps, and Fe 2p;;
of Fe®*, respectively. The obtained results again clearly
provided evidence of the existence of MnFe,O, in the composites
[34, 35].

3.1. Adsorption kinetics: To study the mechanism of adsorption
kinetic, two widely accepted kinetic model including pseudo-first-
order and pseudo-second-order models were used to test experi-
mental data. The pseudo-first-order kinetic model could be
generally expressed as follows:

kit
2303

log(q. — g,) = log(q.) — )

The pseudo-second-order kinetic model was given as the following
equation:

t 1 t

= + —
4% ke q.

©)

where ¢. (mg/g) and ¢, (mg/g) refer to the adsorbed amount of
heavy metal ions on the adsorbent at equilibrium time and at time
t (min), respectively. k; (1/min) and k, (g/mg/min) are the rate con-
stant of pseudo-first-order and pseudo-second-order kinetic models,
respectively.

The adsorption data of Pb>* and Cu®" at different time are shown
in Fig. 6a. It was seen from Fig. 6a that the necessary time to reach
equilibrium was about 8 h. Therefore, 10 h was chosen for the fol-
lowing experiment to ensure sorption equilibrium. The calculated
parameters of the above kinetic model are tabulated in Table 1,
and the fitting lines are shown in Figs. 6b and c. It was observed
that the adsorption data of Pb®>" and Cu?" on the GO-MnFe,04
composites could be fitted better by the pseudo-second-order
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Fig. 6 Adsorption of Pb** and Cu’" ions onto GO-MnFe,0,

a Effect of time on the adsorption of Pb** and Cu®" by GO-MnFe,0,
composite and the inset reveals the magnetic separation of GO-MnFe,04
composites (initial concentration: 0.3 mmol/l; adsorbent: 5 mg/ 25 ml;
temperature: 25°C)

b pseudo-first-order kinetic model

¢ pseudo-second-order kinetic model

Table 1 Kinetic parameters for the adsorption of Pb*" and Cu®" onto
GO-MnFe,04 composites ([Pb>"]=[Cu?"]=0.3 mmol 17!

120

Equations Parameters Pb(II) Cu(II)

first-order-kinetic q. (mg/g) 108.07 66.91

k (min~") 0.0127 0.0102

R? 0.6407 0.9824

second-order-kinetic q. (mg/g) 176.05 84.53
ky (min™") 1.57x107* 3.22x107*

R? 0.9964 0.9953

kinetic model with higher correlation coefficient (R*>0.99) than
that of pseudo-first-order kinetic model, suggesting that the adsorp-
tion process of Pb>" and Cu** onto GO-MnFe,0, composites were
mainly controlled by chemisorption [13, 36].

3.2. Adsorption isotherm: Equilibrium adsorption isotherms are
used to determine the capacities of adsorbents and provide the
important parameters for the determination of basic adsorption
mechanism. In this work, two equilibrium adsorption models,
including Langmuir isotherms (4) and Freundlich isotherms (5)
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Fig. 7 Adsorption isotherms of

a Pb**

b Cu** onto GO-MnFe,04 composites at three different temperatures (initial
concentration: 0.20—1.00 mmol/l; adsorbent: 5 mg/25 ml; adsorption
equilzibrium:IO h); fitting of isotherms data of

cPb*"

d Cuj*with linear Langmuir model; fitting of isotherms data of

e Pb*"

fCu?* with linear Freundlich model

were chosen to describe the adsorption equilibrium data for Pb**
and Cu*" adsorption onto GO-MnFe,0, composites.

GC_G, L )
qe 9m qum
1
logg, = log C, +logk; ®

where C. (mg/1) is the equilibrium concentration of heavy metal
ions and ¢. (mg/g) is the corresponding adsorption capacity;
gm (mg/g) is the theoretical maximum Langmuir monolayer
adsorption capacity, kp is the Langmuir constant related with
adsorption strength, k¢ (mg/g-(mg/1)") and n are the constants of
Freundlich isotherm indicating adsorption capacity and effective-
ness, respectively.

The fitting plots are shown in Fig. 7 and the parameters are sum-
marised in Table 2. It was observed that the adsorption equilibrium
data for Pb*" and Cu?* adsorption onto GO-MnFe,0,4 composites
could be fitted satisfactorily by Langmuir isotherms with higher
regression correlations (R*>0.98) compared to Freundlich iso-
therms (R><0.88), indicating that the adsorption of Pb*" and
Cu?" was monolayer adsorption. In other words, the adsorption
took place on specific homogeneous sites within the
GO-MnFe,0,4 composites [37, 38].

3.3. Adsorption thermodynamic parameters: The thermodynamic
parameters (AH?, AS?, AG?) for adsorption could be calculated
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Table 2 Isotherm results and parameters of the adsorption of Pb®" and Cu*" onto GO-MnFe,0O4 composites

T,°C Langmuir model Freundlich model
qm(mg/g) ki R’ ky n R’
Pb** 25 207.47 0.5015 0.9980 173.94 31.30 0.3091
— 35 224.72 —4x10" 0.9999 199.49 34.01 0.3406
— 45 263.85 0.3887 0.9907 213.52 31.76 0.2325
Cu** 25 89.13 0.2870 0.9858 44.53 5.89 0.8557
— 35 91.07 0 0.9999 60.55 9.07 0.8516
— 45 103.41 0.8153 0.9953 68.45 8.88 0.8715
Leol Table 3 Obtained thermodynamic parameters of Pb*" and Cu®"
sl Pb” adsorption onto GO-MnFe,0, composites
:j: Metal ions T (K) AG? AH° AS? R?
(kJ/mol) (kJ/mol) (J/K-mol)
z‘-‘ 1.52
| Pb2" 298 -3.586 — — —
— 308 —3.897 5.664 31.040 0.9962
e — 318 -4.207 — — —
e S : - s ; cu®t 298 -1.068 — — —
0.00315 0.00320 ll.liJJrC;.'?lS 0.00330 0.00335 o 308 _1347 7256 27932 09882
a — 318 —1.626 — — —
0.65 "
Cu’
0.60
found spontaneous and thermodynamically favourable in nature
0.55 ) with negative values of AG® and the lower values of AG? were
{ % obtained at higher temperature suggested that more energetically
~ osof favourable adsorption at a higher temperature.
04sy 3.4. Reusability of GO-MnFe,0, composites: To evaluate the
' practical reusability of GO-MnFe,O,4 composites, the consecutive
40 O3S 000320 000325 000330 0.0033 adsorption—desorption experiments were operated. After adsorp-
lbn tion, the metal ions loaded GO-MnFe,0O, composites were filtered
and then immersed into 0.2 mol/l HCI solution for 2 h. Then, the
Fig. 8 Plots of Ink, versus 1/T adsorbent was filtered, washed several times with ultra-pure water
a Of Pb*" and vacuum-freeze dried for 24 h. Finally, the obtained adsorbent
b Of Cu** was reused at 318 K. It was found that the adsorption capacities

from the temperature-dependent adsorption isotherms. They are
used to define whether the adsorption process is exothermic
or endothermic and spontaneous. The values of thermodynamic
parameters and equilibrium distribution coefficient k4 could be
calculated by the following equation:

C,—-C, vV
ky=—= X (6)
€
AS®  AH®
e N T ™
AG? = AH? — TAS? ®)

where Cy, C., V and m are consistent with (1), 7 is the absolute
temperature (K) and R is the universal gas constant (8.314J/
mol K). The values of AH® and AS? could be obtained from the
intercept and slope of the linear plot of In k4 versus 1/7 in Fig. 8.
And the calculated results of AH?, AS® and AG® are shown in
Table 3. The positive values of AH? confirmed the endothermic
nature of adsorption process and the positive values of ASY indi-
cated that the degrees of freedom of the solid-solution system
increased during the adsorption of Pb®>" and Cu”' ions onto
GO-MnFe,04 [39, 40]. Furthermore, the adsorption process was
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of GO-MnFe,O4 composites were still above 200 and 80 mg/g
for Pb>" and Cu®" after five consecutive cycles of adsorption—
desorption, respectively. Accordingly, GO-MnFe,O, composites
could be repeatedly used as an efficient adsorbent to remove
metal ions.

3.5. Real capability of the composites in multi-metal ions system:
To evaluate the real adsorption capability in multi-metal ions
system. 5 mg adsorbent was added into 25 ml solution including
Pb** and Cu?*, and then the mixture was shaken for 10h at
298 K. The initial concentrations of Pb®>" and Cu®" were both
30.0 mg/l. It was found that the adsorption capabilities of the
composites for Pb>" and Cu®" were 183.74 and 72.20 mg/g,
respectively.

4. Conclusion: The pristine GO/MnSQO, suspension prepared by
improved Hummers method was directly used to synthesise the
GO/MnFe,04 composites. This method not only avoided the
fussy and time-consuming procedure that GO separated
from GO/MnSO, suspension but also efficiently utilised the
manganese source in GO/MnSO, suspension. The as-prepared
GO-MnFe,0, composites exhibited excellent adsorption capacity
for Pb** and Cu?". The adsorption data could be fitted well with
the pseudo-second-order kinetic model and Langmuir isotherm,
indicating a chemisorption and monolayer adsorption process.
The thermodynamic parameters indicated that the adsorption
process was endothermic, spontaneous and thermodynamically
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favourable. In addition, in multi-metal ions system, the adsorption
capacities of composites for Pb>" and Cu®" were still above 100

and

15 mg/g, respectively. The study demonstrated that

GO-MnFe,0,4 composites could be used as a potential adsorbent
for removing heavy metal ions in aqueous solution.
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