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ABSTRACT

A covalent bonding technique to obtain magnetic graphene oxide nanocomposites
(Fe304/5i0,-GO) decorated with core/shell nanoparticles is reported. Fe;O4/SiO,-GO was
characterized by transmission electron microscopy, energy dispersive X-ray spectrometer,
X-ray diffraction, Fourier transform infrared, Raman, and thermogravimetric analysis tech-
niques. Through covalent synthesis method, magnetic core/shell particles in size of 20-40nm
were homogeneously dispersed onto graphene oxide. The characteristic Si-O-5i peak (1091,
468 cm ™), Fe-O (576 cm™ ), and aromatic C=C (1621 cm ™ ') were the direct evidences to consol-
idate the formation of the Fe;0,/SiO,—GO. The DTG curve showed about 54.45wt% of metal
oxide deposited on the surface of GO. The adsorption behaviors, including adsorption kinetics
and isotherms parameters, effect factors, and mechanisms of chromium adsorption on Fe;O4/
5i0,-GO were studied. Fe;O4/SiO,—GO demonstrated an extremely fast Cr(IlI) removal from
the wastewater within 5min and could be separated faster by using a permanent magnet. The
adsorption kinetics followed the pseudo-second-order model and Fe;0,/5i0,-GO exhibited
better Cr(III) removal efficiency in solutions with high pH (>3). The adsorption of Cr(III) fits
the Freundlich equation well. Based on abundant oxygen functional groups and negative sur-
face charge on Fe;0,/Si0,-GO, the adsorption mechanisms could be explained as electrostatic
interactions and ion exchange. The significantly reduced treatment time required to remove
the Cr(III) and the applicability in treating the solutions with high pH made Fe;O,/SiO-GO
promise for the efficient removal of heavy metals from the leather industry wastewater.
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1. Introduction The leather industry has led to an increased
discharged wastewater containing heavy metals (Cr
(III)) that have detrimental effects on the environment
and human health. The maximum permissible limit of
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the total Cr in leather industry effluent has been
recommended as 1.5mg/L by the Ministry of
Environmental Protection, China [1]. With better
awareness of these problems, a number of technolo-
gies to remove Cr have been developed, including
electrochemical precipitation [2], reverse osmosis [3],
ion exchange (IE) [4], and adsorption [5,6]. However,
most of these methods require further treatment and
the operation cost is high. Consequently, adsorption is
an alternative favorable and feasible approach because
of its low cost and high efficiency [5,7,8].

Carbon-based nanomaterials have been studied as
superior adsorbents for their potential environmental
applications to remove pollutants, such as organic
pollutants and metals with high capacity and selectiv-
ity in aqueous solutions [9-11]. One of the advantages
of carbon-based nanoparticles (NPs) as attractive
adsorbents is that they have much larger specific
surface areas [12]. Graphene oxide (GO), a product of
graphite from an oxidization process, is an ideal
material for wastewater treatment. GO is also
water-soluble with low conductivity [13]. The
oxidation of graphite to GO can introduce abundant
oxygen functional groups on GO surface that can be
used as anchoring sites for metal ion complexation,
making it a potential material as a super adsorbent
[14]. Magnetite NPs (Fe;O,) have been widely utilized
in biological and environmental applications because
they have unique magnetic properties and allow the
rapid separation of target molecules from the samples
simply by applying an appropriate magnetic field [15-
17]. Integration of magnetic NPs and GO into a hybrid
material has recently become a hot topic of research
because of its new and/or enhanced functionalities,
and therefore, it holds a great promise for wider
applications in catalysis, biomedical fields, adsorption,
and separation, etc. [18].

However, there are some disadvantages in the
process of production and application: (1) formation
of Fe30,~GO is usually achieved by in situ reduction
of iron salt precursors or assembly of the magnetic
NPs on GO surface. FesO, NPs are attached to a GO
layer only by physical adsorption or electrostatic inter-
action, so they may be easily leached out from the GO
sheets during application [19], (2) high temperature is
needed in situ reduction of iron salt precursors. For
example, Shen et al. [20] synthesized GO-magnetic
nanoparticle composites by attaching magnetic NPs to
GO through a high temperature reaction of ferric
triacetylacetonate with GO in 1-methyl-2-pyrrolidone.
Recently, Cong et al. [21] prepared magnetic-function-
alized reduced GO sheets via high-temperature
decomposition of Fe(acac); precursor in polyol, (3) it
is a challenge to precisely control the loading amount
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of Fe;O4 and then tailor the properties of resultant
hybrids for desired application [19], and (4) another
major challenge is because of its easy oxidation/disso-
lution of the pure Fe NPs when using these nanoma-
terials, especially in acidic solutions.

To protect the magnetic NPs against oxidation, a
shell structure is often introduced, including silica
[22], polymer [23], and noble metals [24,25]. And
recently, covalent functionalizing agents have been
used to modify graphene by an amidation reaction
which can provide better stability, accessibility,
selectivity, and less leaching [26,27]. He et al. [19]
reported a two-step process to fabricate hybrids of GO
nanosheets and surface-modified FesO; NPs which
could not only be used as an effective adsorbent for
removing cationic dyes in water but could also be
used to prepare magnetic GO films.

In this study, magnetic GO nanocomposites were
developed by covalently immobilizing magnetic
core/shell Fe;0,/SiO, on GO surfaces to settle the
problems above. The materials were characterized by
transmission electron microscopy (TEM), energy
dispersive spectroscopy (EDS), powder X-ray diffrac-
tion (XRD), Fourier transform infrared spectroscopy
(FTIR), Raman spectrometer, and thermogravimetric
analysis (TGA). The effects of the treatment time,
adsorbent loading, and pH values on the Cr(III)
removal were investigated for the prepared Fe;O,/
SiO,—~GO. The adsorption kinetics and isotherms
were also investigated by fitting the experimental
data with different models and the removal mecha-
nism was proposed.’

2. Materials and methods
2.1. Preparation of Fe304/SiO,-NH, NPs

Fe;O, magnetic NPs were prepared using the
chemical co-precipitation method [28]. Fe;0,/SiO,
microspheres were prepared according to the method
reported with some modifications [29,30]. Typically,
the previously synthesized Fe;O, ferrofluid (4mL)
was diluted with 100mL water—ethanol (1:4, v/v)
solution followed by the addition of 2.5mL ammonia
solution (25wt%) and 1.0mL TEOS [CAS: 78-10-4]
sequentially. The mixture was reacted for 12h at room
temperature under continuous stirring.

Then, (3-aminopropyl) triethoxysilane (APS) [CAS:
919-30-2] was added to the reaction mixture and the
mixture was stirred for another 24h at 40°C. The
silica-coated magnetic NPs grafted with APS were
collected by magnetic separation using a magnet and
washed several times with deionized water and
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ethanol. The material obtained was referred to as
Fe3O4/SiOZ—NH2 NPs.

2.2. Synthesis of Fe304/SiO;-GO

GO, prepared from natural graphite by the modi-
fied Hummer’s method [31], was used as the starting
material for the fabrication of Fe;0,/SiO,—GO. First, a
mixture of 0.2g GO in 60 mL water was ultrasonicated
for 3h for GO exfoliation and then 10mg of 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) [CAS:
25952-53-8] and 8mg of N-hydroxysuccinnimide
(NHS) [CAS: 6066-82-6] were added into the solution
of the exfoliated GO. The above mixture was stirred
for 30min and ultrasonicated for another 30min to
form a homogenous suspension. Next, 0.2g of Fe;O,/
SiO, NPs was added into the suspension and the mix-
ture was subjected to ultrasonication for 30min.
Finally, the reaction was carried out at 80°C for 1h
under stirring. Fe;0,/5i0,~GO was obtained by mag-
netic separation and washed with water for several
times.

2.3. Characterization

The samples were characterized by TEM (JEOL
2011, 200kV), EDS, Raman spectrometer (Jobin Yvon
HR 800, with laser excitation at 457.9nm), and FTIR
(Avatar 360, with a resolution of 2cm ™). The TGA was
performed by heating the samples in a nitrogen or air
flow at a rate of 100 mL/min using a Perkin-Elmer Dia-
mond TG/DTA thermal analyzer with a heating rate of
10°C/min. XRD patterns of all samples were obtained
on a Bruker D8-Advance X-ray diffractometer with Cu
Ko radiation (k=1.5418 A) at accelerating voltage and
current of 40kV and 40mA, respectively. The concen-
tration of chromium ions was analyzed using Perkin-
Elmer 3110 atomic absorption spectrometry, a Thermo
Scientific ICAP 6000 Series ICP system.

2.4. Adsorption measurement

The chromic nitrate solution containing 10mg/L
chromium was treated with Fe;O,/SiO,—GO. Briefly,
the chromium solution was mixed with predetermined
amount of Fez0,/SiO,—~GO to the concentrations of
Fe;0,/510,-GO (0.25, 1.0, 2.0, 2.5, and 3.0g/L) [32].
The mixture was shaken continuously at room temper-
ature for 50 min. Then, Fe;0,/SiO,-GO was separated
from the solutions by using a permanent magnet. The
clear solutions were then collected and subjected to ICP
analysis to determine the final chromium concentra-
tions. For the kinetic study, the Fe;O04/SiO,-GO con-
centration was maintained at 1g/L in the original pH
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(5.8) solution for different adsorption time such as 5,
10, 15, 25, 35, and 50 min. (Because Cr(OH)," was the
dominant species at medium acidity between pH 4.0
and 6.5 instead of Cr(OH); at higher pH (>6.5) accord-
ing to Sperling et al.[33], the initial pH 5.8 was chosen
when Cr(IIl) was removed by adsorption only rather
than precipitation). The pH study was conducted at dif-
ferent pH values from 1 to 9; the pH value was adjusted
by adding hydrochloric acid or sodium hydroxide solu-
tions. To perform an adsorption isotherm analysis, the
Fe;0,4/510,-GO concentration was maintained at 1g/L
in the original pH solution for different concentrations
of chromium solution (in a plastic vial), such as 2.5, 5,
10, 20, and 40mg/L, at room temperature (25 +2°C) for
50 min.

3. Results and discussion
3.1. Microstructure investigation
3.1.1. TEM and EDS analysis

TEM measurements providing further insights into
the morphology and structure of the NPs are shown
in Fig. 1(a). These particles were of sphere-like mor-
phology in general, and the diameter was ranging
from 20 to 40nm. The TEM image also showed that
NPs were aggregated because of the magnetic dipolar
interaction among the magnetite NPs. The sample was
nearly in core/shell structures, black spots showing
Fe;04, and ash part as SiO, shell. This indicated the
successful synthesis of magnetic core/shell particles.
The spherical Fe;O4 NPs had an average diameter of
10nm, and the SiO, shells were approximately 20 nm
in thickness. As illustrated in Fig. 1(c), the presence of
Fe;0,4/5i0,-NH,; NPs was confirmed by EDS analysis,
which indicated that besides Au peaks from the sput-
tered layer prior to SEM analysis, only Fe, Si, and O
were detected. Based on the above results, it proved
that the SiO, particles existed on the outer shell of
raspberry-like magnetic hollow silica nanospheres.
The inorganic compound-functionalized iron oxide
NPs could greatly enhance the antioxidation
properties of naked Fe;O, NPs and its corresponding
scope of application would be greatly extended as
they are very promising for catalysis, separation et al.
[26].

With the aid of NHS and EDC, Fe;0,/SiO,-GO
NPs were obtained from the condensation reaction
between the amino group of Fe;O,/SiO, and carbox-
ylic group of GO, which formed a carboxamide bond-
ing [19]. Fig. 1(b) shows typical TEM images of
Fe;0,4/5i0,~GO. It could be observed that the graph-
ene sheets were distributed between the loosely
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Fig. 1. TEM images (a, b) and EDS (c, d) for Fe;04/SiO,~NH, and Fe;O,/S5i0,-GO.

packed Fe;O, NPs and that a large amount of void
spaces formed on the material, which could prevent
the aggregation of Fe;O, NPs to a certain extent.
Moreover, even after a long time of sonication, the
Fe;O0, NPs were still strongly anchored on the surface
of the graphene sheets with a high density (not
shown) implying the strong interaction between Fe;O,4
NPs and graphene sheets [34]. The signal of C was
present on Fe;0,/SiO,-GO, which demonstrated the
graft of Fe;0,/SiO, onto the surface of GO Fig. 1(d).

3.1.2. XRD analysis

The XRD patterns of GO, magnetite, Fe;0,/SiO>-
NH,, and Fe3;0,/5i0,-GO are shown in Fig. 2. GO
showed a sharp peak centered at 20=10.6", corresponding

to the (002) interplanar spacing of 0.84 nm. XRD peak of
GO (100) crystal at 20=42" also appeared. The char-
acteristic peak of pristine graphite at 20=26.4" did not
disappear completely after strong oxidation, which
may be due to the restacking of GO by the role of the
van der Waals forces. In general, these data suggested
that graphite was successfully converted to GO after
oxidation by Hummer’s method. For Fe;O, NPs, dif-
fraction peaks with 26 at 30.4°, 35.6°, 43.3°, 53.4°, 57.3°,
62.8°, and 74.1° were observed, which were ascribed
to the (220), 311), (400), (422), (511), (440), and
(533) planes of the magnetite, Fe;O4, which were in
accord with pure spinel Fe;O, (ICDD file no. 65-3107),
indicative of a cubic spinel structure of the magnetite.
Diffraction peaks of SiO, (201) at 23.4° was also
observed indicating the structure of SiO, (ICDD file
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Fig. 2. XRD patterns of (a) GO, (b) FezO,, (c) Fe304/SiO5—
NHZ, and (d) Fe3O4/Si02—GO.

no. 50-0511) coated on the Fe;0, NPs. Compared with
Fe;0,/510,-NH, NPs, the same sets of characteristic
peaks were also observed for Fe;O,/SiO,—GO indicat-
ing the stability of the crystalline phase of Fe;0O, NPs
in the composites. Compared with (002) diffraction
peak of GO, the diffraction peak intensity of Fe;O4/
Si0,-GO at 20=10.3° was obviously reduced and the
XRD peak of GO (100) crystal at 20 =42" totally disap-
peared. These results suggested that the layered GO
had been exfoliated largely and more disordered
stacking and less agglomerated graphene sheets were
presented in the composite [35]. The as-prepared
Fe;0,/510,~GO hybrid composite presented diffrac-
tion peaks of the Fe;O,/Si0, combined with GO.
Additionally, there were no apparent shifts in the dif-
fraction peaks. These results indicated that the Fe;O4/
SiO, NPs were well-loaded on the GO sheets and the
loading of Fe;O,/SiO, NPs did not affect the GO
sheets packing from the layered structure during all
the experimental processes.

3.1.3. FTIR analysis

FTIR spectra of GO, Fe;O4, Fe;0,/Si0,-NH,, and
Fe;0,/510,~GO NPs are shown in Fig. 3. In the spec-
trum of GO, C-H (2,976cm™Y), C=0 (1,725cm™}), aro-
matic C=C (1,621cm "), and alkoxy C-O (1,045cm™")
stretching vibrations were observed. As illustrated,
the absorption band at 578cm ' corresponded to the
Fe-O stretching bond for Fe;O4 NPs. The characteris-
tic adsorption peaks of Fe;O./SiO,-NH, at 1,631,
1,087, 952, and 466 cm ™}, which were attributed to NH
deformation vibration modes, the Si-O-Si and Si-O-H
stretching vibration, respectively, verified the forma-
tion of the silica shell. The characteristic Si-O-Si peak
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Fig. 3. FT-IR spectra of (a) GO, (b) Fe;04, (c) Fes0,/SiOr—
NH, and (d) Fe;0,/SiO,-GO.

(1,091, 468 cm™ ), Fe—O (576 cm™ "), and aromatic C=C
(1,621 cm™ ") were the direct evidences to consolidate
the formation of the Fe;0,/SiO,—~GO. It was generally
accepted that the interpretation of surface groups
could only be qualitative, as they could not be
expected to behave as isolated functional groups [34].

3.1.4. Magnetic separation analysis

The Fe;0,/5i0,-GO was dispersed in water with a
concentration of 20mg/mL by sonication for several
minutes. The sample could be uniformly dispersed in
deionized water forming a stable brown-black suspen-
sion. When a magnet was set close to the glass vial con-
taining the magnetic NPs dispersed in deionized water,
the NPs were attracted toward the magnet very quickly
and accumulated to the side of the glass vial near the
magnet within seconds, resulting in a clear and trans-
parent solution. Removing the external magnetic field
and sonicating the solution, the magnetic NPs could be
rapidly dispersed again in solution. Thus, the attraction
and dispersion processes could be readily altered by
applying and removing an external magnetic field,
showing good water dispersion and magnetic separa-
tion [36]. This property was essentially important for
the convenient recycling of Fe;O4/SiO,-GO.

3.1.5. TG-DTA analysis

Thermal properties of Fe;0,/Si0,-GO NPs were
investigated with TG-DTA analysis, which was per-
formed in nitrogen and air atmosphere at a heating
rate of 10°Cmin '. As shown in Fig. 4(a), there were
two weight loss stages in nitrogen atmosphere. An
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abrupt weight loss occurred from 120 to 280°C, which
could be assigned for the removal of labile oxygen-
containing functional groups as CO, CO,, and H,O
vapors from the sample caused by the destruction of
the oxygenated functional groups [37]. Correspond-
ingly, the DTG curve showed a strong exothermal
peak centered at 207.8°C. From 280 to 800°C, Fe;O4/
S5i0,-GO showed much higher thermal stability with
a gradual weight loss and no abrupt weight loss. The
weight loss was usually attributed to the loss of the
residual (or adsorbed) solvent and the decomposition
of residual organic functional groups on graphene
sheets [38]. In contrast with the results of the sample
in nitrogen atmosphere, the TG/DTA curves of
Fe;0,/5i10,-GO in air atmosphere (Fig. 4(b)) pre-
sented characteristic step/peaks in the range from 280
to 500°C. Correspondingly, the DTG curve showed
one strong exothermal peak centered at 466°C. It could
be assigned for the decomposition of carbon skeleton
and decomposition of aminopropyl groups grafted to
the silica surface [30]. According to the mass loss on
Fe;04/Si0,-GO, about 54.45wt% of metal oxide
deposited on the surface of GO, which was close to
the starting ratio of Fe;O4 and GO.

3.1.6. Raman analysis

Fig. 5 shows Raman spectra of GO and Fe;O/
Si0,~GO. In two samples, two prominent peaks were
clearly visible, corresponding to the so-called G peak,
which corresponded to the Brillouin-zone-centered
LO-phonon around 1,575 cm ™}, and D peak, which cor-
responded to the double-resonance excitation of pho-
nons close to the K point in the Brillouin zone around
1,360 cm ™" [39]. The intensity ratio (Ip/Is) was charac-
teristic of the extent of disorder present within in the

Weight loss (%)
(/%) 1A

60 - 208°C

50 I U NS S R R SR |
100 200 300 400 500 600 700 800

Temperature (OC)

Fig. 4. TG and DTG curves of Fe;O,/SiO—GO: (a) in
nitrogen atmosphere and (b) in air atmosphere.
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Fig. 5. Raman spectra of GO and Fe;O4/SiO>~GO NPs.

material [40,41]. For our samples, the I/l ratios of
the GO and Fe;0,/SiO>~GO were, respectively, 0.246
and 0.673 reflecting the increase in disorder. Moreover,
there was only a little increase in intensity ratio which
confirmed the presence of donor molecules on graph-
ene [42]. By comparing the G-bands of GO and Fe;O,/
SiO,—GO, it was clear that G-band of Fe;0,/SiO,~GO
occurred at 1,576 cm ™!, which was upshifted by 9cm "
compared with that of GO. The Raman shifts of the G
band for Fe;0,/SiO,-GO provided evidence for the
charge transfer between the GO sheets and Fe;O,/
5i0O,, which suggested a strong interaction between the
Fe;0,/Si0, and the GO sheet.

3.2. Chromium removal

To achieve good extraction and recoveries towards
the target ions, the Cr(IIl) removal percentages treated
by different concentrations of Fe;O,/Si0,-GO (0-3g/
L) under shaking continuously for 50 min were shown
in Fig. 6. The removal percentages of chromium
increased rapidly when the concentrations of Fe;O,/
S5i0,-GO increased from 0.25 to 3g/L, indicating that
the Fe;0,/5i0,~GO NPs had large enrichment ability
towards chromium. Considering the detection sensitiv-
ity and consumption of Fe;O4/SiO,-GO, the testing
concentration of 1g/L was employed in the studies
(Fig. 6).

The adsorption of Cr(Ill) on the Fe;O,/Si0,-GO
was a surface reaction. It could be predicted that the
pH played an important role in the adsorption of par-
ticular metal ions onto Fe;0,/SiO,~GO [10,43]. The Cr
(IIT) removal efficiencies by Fe;O,/SiO,-GO in differ-
ent pH solutions were shown in Fig. 7 with an initial
Cr(IIl) concentration of 10mg/L. The adsorption was
weak at low pH values (pH<3), but the adsorption
increased with the pH values increasing from 3 to 9.
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Fig. 6. Cr(VI) removal percentage based on different
loadings of Fe;0,/SiO-GO. ([Cr(II)]=10mg/L, pH 5.8,
treatment time: 50 min).

In an acidic solution, the species of surface groups
were -COOH and —OH, respectively. The decrease in
pH led to neutralization of surface charge, and thus,
the adsorption of cations would decrease. In addition,
there were some competitions on —COO— and —O—
sites between proton and metal cations in an acidic
condition, which would result in a lower adsorption
capacity. The increase in the pH values of the solution
would convert more of above groups to —COO— and
—O—, and provide electrostatic interactions that were
favorable for adsorbing Cr(IlI) and other cationic
species.

3.3. Adsorption kinetics and isotherms

Fig. 8 shows the Cr(Ill) adsorption data over
Fe;0,/51i0,~GO at intervals. It was observed that the
equilibrium adsorption capacities could be obtained
nearly within 5min. Quantifying the changes in
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Fig. 7. Effect of solution pH values on Cr(Ill) removal
efficiency of Fe30,/S5i0,-GO. ([Fe30,/5i0,-GOl=1g/L,
[Cr(ID]=10mg/L, treatment time: 50 min).
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Fig. 8. Kinetic adsorption data plots of Cr(Ill) by Fe;O,/
S5i0,-GO: Cr(Il) removal rate Q; vs. time t (square line)
and the transformed rate plot t/Q; vs. t (triangle line).
(([Fe304/Si0,-GO]=1g/L, [Cr(I)]=10mg/L, pH 5.8).

adsorption with time required an appropriate kinetic
model, pseudo-first-order [44], pseudo-second-order
[45], Elovich [46], and intraparticle diffusion [47]
kinetic models were investigated and compared.

The fitting results obtained from different models
were summarized in Table 1. With the highest correla-
tion coefficient of R*=0.9999 (fitting curve is shown in
Fig. 8, square symbol curve), pseudo-second-order
model provided an excellent correlation for the
adsorption of Cr(Ill) on Fe;0,/SiO,~GO. The higher
adsorption rate constant k,q (0.32g/mg/min) of
Fe;0,4/5i0,~GO from the pseudo-second-order model
than that of the aluminum magnesium mixed with
hydroxide (<0.024 g/mg/min) [48], pomegranate husk
carbon (<0.032g/mg/min) [49], magnetic graphene
nanocomposites (0.28 g/mg/min) [32], and active car-
bon (<0.093g/mg/min) [50] confirmed further the
much faster removal rate of the Fe;0,/SiO,—~GO.

The isotherm models of Linear, Langmuir, and
Freundlich [5] were applied to fit the adsorption equi-
librium data of Cr(Ill) on Fe;0,/SiO>~GO. The fitting
results obtained from different models were summa-
rized in Table 1. With the highest correlation coeffi-
cient of R*=0.9758, Freundlich model provided an
excellent correlation for the adsorption of Cr(Ill) on
Fe;0,/S5i0,~GO. When the Cr(II) concentration
increased, the adsorption amount first increased shar-
ply, then increased slightly, and finally reached
saturation. The maximum adsorption capacities of Cr
(II) on Fe;04/Si10,-GO was 4.7mg/g at the Fe;O4/
5i0,-GO concentration of 1g/L. The Freundlich con-
stant n was found to be greater than 1, which was a
favorable condition for adsorption. Thus, it was impli-
cated that the strong affinity of Fe;0,/Si0-GO
towards chromium developed in this work could
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Table 1

Parameters obtained from different kinetic and isotherm models ([Fe;04/Si0,-GO]=1g/L; pH 5.8)°

Models Equation Parameters R?
Pseudo-first-order log(Qe — Qt) = log Qe — zgﬁt ky (min™") 0.10 Q. (mg/g) 0.73 0.9374
Pseudo-second-order é = kle + QL kaa (g/mg/min) 0.32 Q. (mg/g) 4.45 0.9999
Elovich Qc = jIn(«p) + §In(t) o« (mg/g/min) 8008.76 B (g/mg) 2.64 0.989
Intraparticle diffusion Qr = kgt +C kai¢ (mg/g/min’) 0.076 C (mg/g) 3.90 0.9421
Linear ge = KpCe Kp (L/g) 0.0867 0.8476
Langmuir ql = ql +; }(10 Jmax (Mg/g) 4.7 K; (L/mg) 2.48 0.9309
Freundlich logge = log K¢ + Llog Ce Kr (mg/g (mg/L)") 2.83 n 5.09 0.9758

?Qy is the solid-phase loading of Cr(Ill) in the adsorbent at time t, Q. is the adsorption capacity at equilibrium, k; is the rate constant of
pseudo-first-order adsorption. In pseudo-second-order model, k,q is the rate constant of adsorption. o and f represent the initial adsorp-
tion rate and desorption constant in Elovich model. ky;¢ indicates the intraparticle diffusion rate constant and C provide information
about the thickness of the boundary layer. In linear model, g. is the adsorption capacity at equilibrium, C. is the equilibrium concentra-
tion of metals. Kp is often referred to as the partition coefficient of linear model. In Langmuir model, gmax is the adsorption capacity of
metals on adsorbent, K; is the Langmuir adsorption constant, which is related to the adsorption energy. Ky and n are Freundlich con-

stants related to adsorption capacity and adsorption intensity, respectively.

serve as an efficient adsorbent for the decontamination
of chromium in leather industry effluent treatment.

3.4. Removal mechanism

The adsorption mechanism of Cr(Ill) on Fe;O4/
Si0,-GO was a combined process of Cr(Ill) together
with the SiO, outer shell and bare area of GO [32].
Generally speaking, the adsorption of metal ions was
based on the three adsorption mechanisms: electro-
static interactions, IE, and complex formation [51]. As
we all know, the basic sites as C n electrons on graph-
ene sheets were considered as the important adsorp-
tion sites [52]. But GO sheets, not or very less
containing delocalized 11 electrons, and chromium
ion/hydrogen ion could not form the electron donor-
acceptor complexes. The surface charge was regarded
as negative because of abundant oxygen functional
groups on GO surface. According to Madadrang et al.,
[63] GO surface is negatively charged in all test pH
ranges (2-12) due to the functional groups of GO that
can be ionized to make GO negative in solutions. Two
IE processes were also responsible for the removal of
Cr(III) with Fe304/Si0,~GO: IE reaction between Cr
(III) and —COOH or —OH groups as shown below:

(1) CrdID reacts with -COOH and —-OH groups on
GO surface to form a complex

GO-COOH + Cr**—-GO-COO -Cr** + H*

(GO-COOH), + Cr** —(GO-COO),—Cr** + 2H*

(GO-COOH); + Cr**—(GO-COO " );—Cr** + 3H"

GO-OH + Cr**—GO-0-Cr** + H*

(GO-OH), + Cr** —(GO-0"),~Cr** + 2H"

(GO-OH); + Cr**—(GO-0");-Cr** + 3H"

(2) Cr(Ill) may also react with -OH groups of
Fe;0,4/SiO; to form a complex

Fe;04/Si0,~OH + Cr**—Fe;0,/5i0,-0 -Cr* + H*

(Fe304/5i0,~OH); + Cr’* —(Fe304/Si0,-0 7 )-Cr’*

+2H"

(Fe304/Si0,-OH);3 + Cr’* —(Fe304/Si0,-07)5-Cr™*

+3H"

The above reaction mechanism is supported by the
pH change when the Fe;0,/S5i0,-GO is mixed with a
Cr(II) solution. The reaction between —COOH and
—OH with Cr(IIl) releases proton into the solution
and then decreases the pH value of the solution, simi-
lar to the results Madadrang et al. reported [53].

Consequently, electrostatic interaction between Cr
(IIT) ions and negative surface charge and/or IE could
be regarded as the main interaction for the adsorption
of Cr(III) ion onto Fe;0,/SiO,~GO.

4. Conclusions

In summary, the magnetic GO nanocomposites
decorated with core/shell NPs was synthesized via a
covalent bonding method. The results demonstrated
the successful graft of Fe;O,/SiO, onto the surface of
GO. The adsorption of Cr(Ill) fits the Freundlich equa-
tion well and the constant n was found to be greater
than 1, which was a favorable condition for adsorp-
tion. The pseudo-second-order kinetic model best
described the adsorption behavior of Cr(Ill) on Fe;O,/
SiO,—GO. The materials showed their highest adsorp-
tion capacity at relatively higher pH value solutions.
The adsorption mechanisms on Fe;O4/Si0,-GO could
be explained as electrostatic interactions and IE.
Fe;0,4/Si0,-GO exhibited a bright future for their
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applications in toxic heavy metal removal from the
leather industry wastewater.
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