
One-Pot Synthesis of Magnetic Graphene Nanocomposites
Decorated with Core@Double-shell Nanoparticles for Fast Chromium
Removal
Jiahua Zhu,† Suying Wei,‡,* Hongbo Gu,† Sowjanya B. Rapole,† Qiang Wang,§ Zhiping Luo,∥

Neel Haldolaarachchige,⊥ David P. Young,⊥ and Zhanhu Guo†,*
†Integrated Composites Laboratory (ICL), Dan F Smith Department of Chemical Engineering, Lamar University, Beaumont, Texas
77710, United States
‡Department of Chemistry and Biochemistry, Lamar University, Beaumont, Texas 77710, United States
§Chemistry Research Laboratory, Department of Chemistry, University of Oxford, Mansfield Road, Oxford, OX1 3TA, United
Kingdom
∥Microscopy and Imaging Center, and Materials Science and Engineering Program, Texas A&M University, College Station, Texas
77843, United States
⊥Department of Physics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803, United States

*S Supporting Information

ABSTRACT: A facile thermodecomposition process to
synthesize magnetic graphene nanocomposites (MGNCs) is
reported. High-resolution transmission electron microscopy
and energy filtered elemental mapping revealed a core@
double-shell structure of the nanoparticles with crystalline iron
as the core, iron oxide as the inner shell and amorphous Si−S−
O compound as the outer shell. The MGNCs demonstrate an
extremely fast Cr(VI) removal from the wastewater with a high
removal efficiency and with an almost complete removal of
Cr(VI) within 5 min. The adsorption kinetics follows the
pseudo-second-order model and the novel MGNC adsorbent
exhibits better Cr(VI) removal efficiency in solutions with low
pH. The large saturation magnetization (96.3 emu/g) of the synthesized nanoparticles allows fast separation of the MGNCs from
liquid suspension. By using a permanent magnet, the recycling process of both the MGNC adsorbents and the adsorbed Cr(VI)
is more energetically and economically sustainable. The significantly reduced treatment time required to remove the Cr(VI) and
the applicability in treating the solutions with low pH make MGNCs promising for the efficient removal of heavy metals from the
wastewater.

■ INTRODUCTION
Rapid industrialization has led to an increased discharged
wastewater containing heavy metals (Cr, Cd, Hg, Pb, and As),
which have detrimental effects on the environment and human
health. Among those heavy metal species, Cr(VI) is a
commonly identified contaminant because of its high toxicity
and mobility.1 The maximum permissible limit of the total Cr
in drinking water has been recommended as 100 μg/L by the
U.S. Environmental Protection Agency (EPA).2 With better
awareness of these problems, a number of technologies to
remove Cr(VI) have been developed, including cyanide
treatment,3 electro-chemical precipitation,4 reverse osmosis
(RO),5,6 ion exchange (IE)7,8 and adsorption.9−16 However,
chlorination of cyanides can result in highly toxic intermediate
and other toxic organochlorines. These compounds together
with residual chlorine create additional environmental prob-
lems. Precipitation is considered to be the most applicable and

economical approach. However, this technique produces a large
amount of precipitate sludge that requires additional process for
the further treatment. Though RO can effectively reduce metal
ions, but its applications are limited by a number of
disadvantages such as high operational cost and limited pH
range.6 IE is a convenient method to treat the wastewater
containing chromium ions, but only limited literatures have
been reported on the removal of Cr(III).7,8,17 Operation cost is
also higher than that of the other methods.5 In addition to the
aforementioned technologies, Cr(VI) reduction by zero-valence
Fe,18 Fe(II),19,20 atomic hydrogen,21,22 dissolved organic
compounds23 and reduced sulfur compounds24 has been
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developed and the removal capacity is satisfactory with an
extended treating time. However, separating and recycling these
materials turn out to be a challenge especially when the particle
size goes down to nanoscale and thus reducing the operation
time in each cycle is urgently required in modern industry.
Consequently, adsorption is an alternative favorable and
feasible approach because of its low cost and high
efficiency.9−13,25−28 Besides, adsorption can effectively remove
heavy metals present in the wastewater at low concen-
trations.27,29 Though activated carbon is one of the adsorbents
to purify polluted water,29−31 it still failed to reduce the
concentration of contaminants at ppb levels.32 Iron minerals
have been recognized as an effective media to remove various
heavy metals such as As(III) and As(V),33 Cr(VI)12 and
Pd(II).34 More recently, iron and iron oxide nanostructures
have been proved as higher efficient materials for the heavy
metal removal by reduction or adsroption.35−37 However, there
are two major challenges when using these nanomaterials. One
comes from the easy oxidation/dissolution of the pure Fe
nanoparticles (NPs), especially in acidic solutions. The other is
the difficulty to recycle these NPs with such a small size,
especially in a continuous flowing system. To protect the
magnetic NPs against oxidation, a shell structure is often
introduced, including silica,38−40 polymer,34,41,42 carbon,9 and
noble metals.43,44 And to overcome the latter challenge and to
prevent the side pollutants of the released nanomaterials,
researchers are trying to embed these NPs into an easily
separable substrate, the most typical substrate is carbon due to
its low cost and high specific surface area.45,46

Graphene and graphene oxide have shown many applications
in nanoelectronics,47 sensors48 and structural composite
materials.49 With a large dimension in XY plane reaching
several micrometers and extremely thin thickness (nanometer)
in Z-axis, graphene has large specific surface area and possesses
great advantages to be a perfect platform for fixing NPs.
Though magnetic carbon nanocomposites with large specific
surface area enhanced the heavy metal removal and a magnet
facilitated the recycling of the NPs with a reported 95%
removal rate,9 a 2 h treatment was required. Furthermore, there
are few reports on the fabrication of magnetic graphene
nanocomposites (MGNCs), especially those with great
potential to be used in environmental remediation with fast
treatment. In this paper, a facile one-pot thermodecomposition
process is developed to synthesize MGNCs decorated with
core@double-shell crystalline NPs, which are composed of
crystalline iron core, iron oxide inner shell and amorphous Si−
S−O compound outer shell. The magnetic NPs benefiting from
the double-shell structure are uniformly monodispersed on the
graphene sheet and are stable against oxidation/dissolution in
HCl acid (1 M). The structure and magnetic properties of the
MGNCs are investigated by transmission electron microscopy
(TEM), energy filtered TEM for elemental mapping, and 9-T
physical properties measurement system (PPMS). The effects
of the treatment time, adsorbent loading and pH values on the
Cr(VI) removal are investigated for the prepared MGNCs and
are compared with those of pure graphene. The adsorption
kinetics is also investigated by fitting the experimental data with
different models and the removal mechanism is proposed. The
MGNCs are found to possess unique capability to remove
Cr(VI) very quickly and efficiently from wastewater.

■ MATERIALS AND METHODS

Materials. Graphene (N006−010-P, XY: ≤14 μm, Z: < 40
nm) was supplied by Angstron Materials Inc., Dayton, OH.
Sodium dodecylbenzenesulfonate (SDBS) was used as the
surfactant during preparation of graphene and the molecular
structure is shown in Scheme 1. Iron(0) pentacarbonyl

(Fe(CO)5, 99%) and dimethylformamide (DMF, 99%) were
commercially obtained from Sigma Aldrich. Potassium
dichromate (K2Cr2O7, 99%) and 1,5-diphenyl carbazide
(DPC) were purchased from Alfa Aesar Company. O-
phosphoric acid (H3PO4, 85 wt %) was purchased from Fisher
Scientific. All the chemicals were used as-received without any
further treatment.

Methods. The MGNCs were fabricated using one-pot
thermodecomposition method. To be specific, graphene (1.0 g)
was dispersed in DMF (100.0 mL) using ultrasonication for 30
min at room temperature. And then Fe(CO)5 (0.385 g) was
injected to the graphene suspended DMF solution (DMF and
Fe(CO)5 are intermiscible). The suspension was heated to the
boiling temperature (∼153 °C) and refluxed for additional 4 h.
Finally, the solid products were removed from the suspension
using a permanent magnet, and the residue solution was
transparent, indicating that Fe(CO)5 has been completely
decomposed (otherwise the solution will be yellow). The
collected solid residues were dried in vacuum oven for 24 h and
then annealed at 500 °C for 2 h under H2/Ar atmosphere (5%
hydrogen balanced with argon) for further characterization and
Cr(VI) removal test.
The potassium dichromate solution containing 1000 μg/L

chromium was treated with graphene and MGNCs. Briefly, the
chromium solution was mixed with predetermined amount of
graphene and MGNCs to the concentrations of graphene (0.25,
1.0, 2.0, 2.5, and 3.0 g L−1) and MGNCs (0.25, 0.5, 1.0, 2.0, 2.5,
and 3.0 g L−1). The mixture solution was stirred under
ultrasonication at room temperature for 5 min. Then, graphene
and MGNCs were separated from the solutions by centrifuging
in a centrifuge (Fisher Scientific, Centrific 228). Meanwhile,
MGNCs can also be separated from the solutions by using a
permanent magnet and gave similar analytical results. The clear
solutions were then collected and subjected to colorimetric
analysis to determine the final chromium concentrations. For
the kinetic study, the MGNC concentration was maintained at
1 g L−1 in the neutral solution for different adsorption time
such as 5, 10, 15, 25, and 50 min. The pH study was conducted
at different pH values from 1 to 11, the pH value was adjusted
by adding hydrochloric acid or sodium hydroxide solutions. For
colorimetric analysis,50 the aforementioned clear solutions
(5.25 mL) were taken into test tubes, o-phosphoric acid
(0.50 mL, 4.5 M) and DPC (0.25 mL, 5 g L−1) were added.
After incubated at room temperature for 30 min for color
development, the absorbance of the samples was measured in a
UV-vis spectrophotometer (Cary 50). Peaks with varied
intensities were observed in the spectrometer scans at 540

Scheme 1. Chemical Structure of Sodium
Dodecylbenzenesulfonate (SDBS)
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nm wavelength depending on the concentrations of the
remaining Cr(VI) in the samples.
Characterizations. The morphology of the MGNCs was

characterized by a transmission electron microscopy (TEM,
FEI Tecnai G2 F20) with field emission gun, operated at an
accelerating voltage of 200 kV. The TEM samples were
prepared by drying a drop of MGNCs/ethanol suspension on
carbon-coated copper TEM grids.
The powder XRD analysis of the samples was carried out

with a Bruker AXS D8 Discover diffractometer with GADDS
(General Area Detector Diffraction System) operating with a
Cu-Ka radiation source filtered with a graphite monochromator
(λ = 1.5406 Å). The magnetic property of the MGNCs at room
temperature was measured in a 9 T physical properties
measurement system (PPMS) by Quantum Design.
Brunauer−Emmett−Teller (BET) was used to measure the

specific surface area of the pure graphene and MGNCs. BET
adsorption and desorption isotherms were obtained using a
surface area analyzer (NOVA 1000 Series, Quantachrome).
The solid sample to be analyzed was weighed and placed inside
the sample holder cell of a known volume. The used refrigerant

was liquid nitrogen placed in a vacuum Dewar at about 77 K
and the carrier gas was N2 (ultra high purity grade, Airgas).
The thermal degradation of graphene and MGNCs was

studied with a thermo-gravimetric analysis (TGA, TA Instru-
ments Q-500) from 25 to 900 °C with an air flow rate of 60
mL/min and a heating rate of 10 °C/min.

■ RESULTS AND DISCUSSION

Microstructure Investigation. Two major issues must be
considered about the fabrication of the nanocomposites, which
is essentially important for better understanding the unique
properties of this material. One concerns the particle size
distribution and dispersion quality in the matrix, and the other
concerns the specific component of the as-fabricated NPs.
Especially for the core−shell NPs, the identification of the core
and shell components is critically important since the surface
composition is strongly related to the final chromium removal
performances. To address these concerns, both high-resolution
TEM (HRTEM) and selected area electron diffraction (SAED)
techniques are introduced.

Figure 1. TEM images of the MGNCs with a nanoparticle loading of 10 wt %. (a) The NPs are uniformly distributed on the graphene sheet (inset
column figure shows the particle size distribution with an average size of 22 nm), (b) enlarged magnification of image (a) shows core@shell structure
of the NPs independent of the particle size, top inset shows the core@double-shell structure of one nanoparticle, (c) HRTEM of a single particle
showing an iron core surrounded by a double shell structure, where the top-left inset gives a closer view on the lattice fringes of inner shell showing
an interlayer distance of 2.52 Å corresponding to the (311) plane of iron oxide, and the bottom right inset gives a closer view on the lattice fringes of
the core showing an interlayer distance of 2.03 Å corresponding to (110) plane of iron. The characteristic interlaminar spacing of graphite 3.40 Å is
marked at the upright corner, and (d) selected area electron diffraction (SAED) pattern of the core@shell NPs.
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Figure 1(a) shows the TEM image, depicting that the
magnetic NPs have grown on the graphene sheet with a narrow
size distribution and uniform dispersion. The typical particle
size is in the range of 10−35 nm (average: 22 nm), inset of
Figure 1(a). The graphene showing a folding nature (refer to
the SEM images in the Supporting Information (SI), Figure S1)
is clearly visible and the relatively dark area in Figure 1(a) is
due to the stacking of several graphene sheets. Figure 1(b)
shows the enlarged image of the NPs and it is interesting to
observe that the NPs show a core−shell structure and the shell
is homogeneous on each individual nanoparticle, regardless of
the original size and morphology. As a result, the shape of each
nanoparticle is maintained after the shell formation. This
phenomenon is more obvious from the observations in Figure
2, where square and triangle-shaped iron NPs are coated by the
same shaped coating materials. As shown in the inset of Figure
1(b) of the enlarged image of a single nanoparticle, the core
exhibits dark contrast, the inner shell light contrast, and the out
shell even lighter. The bright ring surrounding the core is the
Fresnel fringe51 caused by larger defocus to enhance the
contrast. Figure 1(c) depicts the HRTEM image of a core@
shell structured single nanoparticle, taken at near Scherzer
defocus condition:51 Δf Sch = −(4Csλ/3)

1/2 = −81.8 nm, where

Cs and λ are the spherical aberration coefficient and electron
wavelength at 200 kV, respectively, so that the Frenel fringe is
not present. The nanoparticle is observed to consist of one core
and two different shells, with a crystalline inner shell and
amorphous outer shell. To identify the crystalline structure and
specific component of the core and inner shell material,
enlarged HRTEM is taken from core and inner shell, bottom
and top insets of Figure 1(c). A lattice fringe of 2.03 Å
calculated for the core corresponds to the (110) plane of Fe,
while the calculated lattice fringe of 2.52 Å for the inner shell
corresponds to the (311) plane of Fe2O3. The XRD results are
in good agreement with the HRTEM observations (refer to SI,
Figure S2). The lattice fringe of 3.40 Å on the right upper
corner, Figure 1(c), indicates a characteristic interlaminar
spacing of graphite.52 However, the wrinkled structure is
probably caused by the stress induced by the attached NPs. The
SAED patterns, Figure 1(d), show the crystalline planes of the
Fe core (110, 200, 211, and 220) and Fe2O3 shell (210 and
311), which are consistent with the HRTEM observations. Due
to the amorphous nature of the outer shell, it is impossible to
identify the specific component from HRTEM and SAED.
Energy-filtered TEM (EFTEM) is conducted on the sample

to further clarify the specific component of the core@double-

Figure 2. EFTEM of the MGNCs (a) zero-loss image, (b) Fe map, (c) O map, (d) S map, (e) Si map, (f) C map, (g) Fe + O map, (h) Fe + S map,
and (i) Fe + O + S + Si map.
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shell structure, especially the outer shell. The zero loss image
(a) and elemental maps of iron (b), oxygen (c), sulfur (d),
silicon (e), and carbon (f) are shown in Figure 2. The EFTEM
mapping provides a 2-dimensional elemental distribution. A
brighter area in the elemental map indicates a higher
concentration of the corresponding element in that area.
They are shown in different colors, for the purpose to identify
their positions within the NPs. Figure 2(b) depicts the iron
map showing the bright iron core with mostly spherical shaped
together with some triangle- and square-shaped nanostructures.
However, the oxygen map, Figure 2(c), shows circular shapes
with wide thickness. Summation of Fe and O maps yields
Figure 2(g), where it is seen that the oxygen areas occupy the
Fe outside as well as their peripheral areas, indicating the core
areas have low O but the inner shell as Fe and O. With regard
to the sulfur mapping, Figure 2(d), the bright circles with
narrow thickness reveal that the sulfur element distributes at
the outside of the NPs. The summation of Fe and S maps
results, Figure 2(h), clearly shows S being on the surface of the
NPs. Si is also noticed on the outer shell, which is similar to the
sulfur mapping, as well as on the graphene sheet, Figure 2 (e).
The summation of Fe, O, S, and Si gives the elemental
distribution, Figure 2(i). Carbon mapping in Figure 2(f) shows
the dark NPs decorated in the bright graphene substrate. There
are no shinning spots on the NPs, indicating that the carbon
element is not involved in the shell structure formation. All
these results confirm an iron core covered with a crystalline
iron oxide inner shell and an amorphous outer shell made of
sulfur and silicon elements.
Formation Mechanism of MGNCs. During the MGNCs

synthesis, the iron precursor was transformed to iron NPs and
adhered on the graphene sheet, which are partially oxidized
from the outer surface due to the existence of residue oxygen in
the solution. Meanwhile, the dissipated SDBS in the solution
was assembled on the nanoparticle surface. After the annealing
process at 500 °C for 2 h under H2(5%)/Ar atmosphere, the
organics including the benzene and alkyl chains were removed,
and the S and O were remained, Scheme 2. The slight amount
of silicon detected on the graphene and particle surface comes
from the impurity of the graphene precursor. In this case, it is
beneficial since the silicon containing compounds on the outer
shell have been demonstrated to protect the iron core from
corrosion in 1 M HCl acid.
Magnetic Properties. Figure 3 shows the room temper-

ature hysteresis loop of the MGNCs. The initial particle loading
was calculated as 10 wt % iron based on the total weight of
graphene sheet and iron. However, the calculated iron loading
from TGA is 9.87 wt %, indicating a 98.7% conversion of the
iron precursor to NPs (refer to the SI, Figure S3). This is due
to the evaporation of some Fe(CO)5 during refluxing.
The saturated magnetization (Ms) of the MGNCs is 9.50

emu/g, corresponding to a calculated Ms of 96.3 emu/g for the

NPs, which is lower than that of the bulk Fe (222 emu/g)53,54

due to the large number of the oxidized atoms around the iron
core. The coercivity (coercive force, Hc) is observed to be 496.0
Oe in the formed core@double-shell NPs, which is significantly
larger than that of the bare Fe NPs (5.0 Oe) with a comparable
size.55,56 This observation indicates that the NPs become much
ferromagnetic harder at room temperature after they were
decorated on the graphene sheet. The observed large Hc is due
to the decreased interparticle dipolar interaction arising from
the increased interparticle distance as compared to the close
contact of pure iron NPs, and also due to the interfacial
exchange coupling57 between the ferromagnetic core and
antiferromagnetic iron oxide shell.58 There were no bubbles
observed from the immersion of the MGNCs in the 1 M HCl
solution, indicating that the shell has effectively protected the
iron core from oxidation/dissolution. The MGNCs show a
tendency to be attracted by a permanent magnet and the black
suspended aqueous solution turns transparent within seconds
when it is placed nearby, bottom inset of Figure 3. This
property is essentially important for the convenient recycling of
these MGNCs.

Chromium Removal. Iron minerals have been demon-
strated to be an effective adsorbent to remove hazardous
materials from wastewater.59 The MGNCs are used to remove
Cr(VI) and pure graphene is also studied for comparison.
Figure 4(a and b) shows the UV-vis absorption of the 1000 μg
L−1 Cr(VI) solution and the solutions after treatment with
graphene and MGNCs in ultrasonication for 5 min. The
quantification of Cr(VI) in the solution is using the
colorimetric method. The Cr(VI) shows a characteristic peak
at 540 nm in the UV-vis absorption curve. The higher the
Cr(VI) concentration in the solution, the stronger peak

Scheme 2. Schematic Illustration of the Formation of the MGNCs

Figure 3. Room temperature hysteresis loop of the MGNCs. Top
inset shows the enlarged partial curve and bottom inset shows the
MGNCs dispersed in acid and magnetic separation. The MGNCs are
tested to be stable over 4 h immersion in 1 M HCl.
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intensity was observed. The solution with Cr(VI) concentration
of 1000 μg/L shows the strongest absorbance of 1.04, which is
consistent with the standard curve (refer to SI, Figure S4) after
subtracting the absorbance at 540 nm (0.12) of the base
solution comprising the same volume of DI water, phosphoric
acid and DPC. After treated with different concentrations of
graphene and MGNCs (0−3 g L−1) under untrasonication for 5
min, the peak intensity decreased gradually with increasing the
adsorbent concentration indicating the reduced Cr(VI) amount
in the solution. The Cr(VI) removal percentage treated by
different concentrations of graphene and MGNCs is shown in
Figure 4(c). The pure graphene shows much lower removal
efficiency than that of the MGNCs, only 44.6% of the Cr(VI) is
removed from the solution even with the highest testing

concentration of 3 g L−1. However, the MGNCs exhibit a much
higher removal efficiency that 52.6% of the Cr(VI) is removed
with a much lower MGNCs concentration of 0.25 g L−1. The
Cr(VI) removal is increased by about 100% in the MGNCs
decorated with the 10% nanoparticle loading. It is surprising to
observe that the Cr(VI) can be completely removed while using
3 g L−1 MGNCs within 5 min (the peak at 540 nm has been
flattened).

Adsorption Kinetics. The kinetics of the adsorption
describing the Cr(VI) uptake rate is one of the important
characteristics which control the residence time of adsorbate
uptake at the solid−liquid interface. Hence, in the present
study, the kinetics of Cr(VI) removal was carried out to
understand the adsorption behavior of the prepared MGNCs.
Figure 5 shows the Cr(VI) adsorption data over MGNCs at

different time intervals (refer to SI Figure S5 for the UV-vis
spectra). Quantifying the changes in adsorption with time
requires an appropriate kinetic model, and pseudo-first-order,60

pseudo-second-order,61 Elovich62,63 and intraparticle diffu-
sion64 kinetic models are investigated and compared. To
evaluate the suitability of different models, the correlation
coefficient (R2, close or equal to 1) is introduced. The higher R2

value indicates a more applicable model to the kinetics of
Cr(VI) adsorption.
The fitting results obtained from different models are

summarized in Table 1. With the highest correlation coefficient
of R2=0.999 (fitting curve is shown in Figure 5, square symbol
curve), pseudo-second-order model provides an excellent
correlation for the adsorption of Cr(VI) on MGNCs. The
correlation coefficients for the pseudo-first-order, Elovich and
intraparticle diffusion models are 0.898, 0.881, and 0.672,
respectively, indicating that these models are not suitable for
describing the Cr(VI) adsorption on MGNCs. The higher
adsorption rate constant kad (0.28 g mg−1 min−1) of MGNCs
from the pseudo-second-order model than that of the
aluminum magnesium mixed with hydroxide (<0.024
g mg−1 min−1),65 pomegranate husk carbon (<0.032
g mg−1 min−1)66 and active carbon (<0.093 g mg−1 min−1)67

confirms further the much faster removal rate of the MGNCs.
pH Effect. Solution pH is one of the most important

variables affecting the adsorption characteristics. The Cr(VI)

Figure 4. UV-vis absorption of the solutions after treated with (a)
different loadings of graphene(Gra), (b) different loadings of MGNCs,
and (c) Cr(VI) removal percentage based on different loadings of Gra
and MGNCs. ([Cr(VI)] = 1000 μg L−1, pH 7, treatment time: 5 min).

Figure 5. Kinetic adsorption data plots of Cr(VI) by MGNCs: Cr(VI)
removal rate Qt vs time t (square line) and the transformed rate plot t/
Qt vs t (triangle line). ([MGNCs] = 1 g L−1, [Cr(VI)] = 1000 μg L−1,
pH 7).
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removal efficiency by MGNCs in different pH solutions are
shown in Figure 6 with an initial Cr(VI) concentration of 1000

μg L−1 and MGNCs concentration of 1 g L−1(refer to SI Figure
S6 for the UV-vis spectra). At a fixed adsorbent concentration,
the complete Cr(VI) removal was achieved under acidic
condition when the pH is between 1 and 3 rather than in
neutral and basic conditions. It is worthwhile to mention that a
complete removal can be achieved from a less concentrated
MGNC solution, such as 0.5 g L−1 and even 0.25 g L−1 when
control the solution pH at 1, 2, and 3 (refer to SI Figure S7 for
the UV-vis spectra). Therefore, the MGNCs exhibit much
higher adsorption capacity at lower pH value solutions. Cr(VI)
exists with different ionic forms in solution. The most
important Cr(VI) ion forms in solution are chromate
(CrO4

2−), dichromate(Cr2O7
2‑) and hydrogen chromate-

(HCrO4
−) and these ion forms are related to the solution

pH and total chromate concentration.65,68 The predominance
diagram65 of the chromium species based on thermodynamic
database69,70 using both pH and total Cr(VI) as variables
indicates that the major species of Cr(VI) are CrO4

2− and
HCrO4

−. For pH lower than 6.8, HCrO4
− is the dominant

species and above 6.8 only CrO4
2− is stable. The results show

that MGNCs are favorable for the adsorption of HCrO4
− rather

than CrO4
2−. The dependence of the Cr(VI) removal on

solution pH can be explained from the surface chemistry at the
interface. The surface of metal oxides is generally covered with

hydroxyl groups that vary in form at different pH levels. With
an increase in pH, the uptake of Cr(VI) ions decreased, which
is due to the higher concentration of OH− ions present in the
mixture that compete with Cr(VI) species.

Removal Mechanism. The adsorption mechanism of
Cr(VI) on pure graphene and MGNCs is different. The
Cr(VI) on pure graphene is a single-layer adsorption just like
active carbon,71 while on the MGNCs it is a combined process
of surface complexation between sulfur on the outer shell and
Cr(VI) together with the single layer adsorption on the bare
area of graphene.72 Besides the difference in adsorption
mechanisms, the large difference between pure graphene and
MGNCs also comes from the greater surface area after the
deposition of NPs (pure graphene: 36.4 m2/g; MGNCs: 42.1
m2/g), which contributes to the extension of the active surface
for sorption. Subsequently, more efficient utilization of the
respective adsorption sites can be achieved by these new
adsorbents. The Cr(VI) adsorption mechanisms on graphene
and MGNCs are illustrated in Scheme 3.

A facile one-pot synthesis method to obtain magnetic
graphene nanocomposites (MGNCs) decorated with core@
double-shell NPs is presented. The monodispersed NPs on the
graphene sheet, composed of a crystalline iron core, inner iron
oxide shell, and the outmost amorphous Si−S−O compound
shell, are highly stable even immersed in 1 M HCl aqueous
acid. The MGNCs show an extremely fast Cr(VI) removal
performance to reach a complete removal with only 5 min.
However, other materials, like carbon,71 waste biomass73 and
lignocellulosic substrate,74 often require hours even days of
treatment and still the Cr(VI) could not be removed
completely. The pseudo-second-order kinetic model best
describes the adsorption behavior of the Cr(VI) on MGNCs.
These materials show their highest adsorption capacity at

Table 1. Parameters Obtained from Different Kinetic Modelsa

models equation parameters R2

pseudo-first-order 60

− = −Q Q Q
k

tlog( ) log
2.303e t e

1 k1(min−1) Qe(mg g−1) 0.898
0.18 0.93

pseudo-second-order 61

= +t
Q k Q

t
Q

1

t ead
2

e

kad(g mg−1 min−1) Qe(mg g−1) h (mg g−1 min−1) 0.999
0.28 1.03 0.29

Elovich 62,63

=
β

αβ +
β

Q t1
ln( )

1
ln( )t

α(mg g−1 min−1) β (g mg−1) 0.881
1.63 6.25

intraparticle diffusion 64
= +Q k t Ct dif

0.5 kdif(mg g−1 min−0.5) C (mg g−1) 0.672
0.07 0.51

aQt is the solid-phase loading of Cr(VI) in the adsorbent at time t, Qe is the adsorption capacity at equilibrium, k1 is the rate constant of pseudo-first-
order adsorption. In pseudo-second-order model, kad is the rate constant of adsorption and h is the initial adsorption rate at t approaching zero, h =
kadQe

2. α and β represent the initial adsorption rate and desorption constant in Elovich model. Kdif indicates the intraparticle diffusion rate constant
and C provide information about the thickness of the boundary layer.

Figure 6. The effect of solution pH on Cr(VI) removal efficiency of
MGNCs. ([MGNCs] = 1 g L−1, [Cr(VI)] = 1000 μg L−1, treating
time: 5 min). Scheme 3. Schematic Adsorption Mechanisms on Graphene

and MGNCs
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relatively lower pH value solutions. These novel MGNC
adsorbents exhibit a bright future for their applications in heavy
metal removal from the wastewater.
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