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Abstract: Graphene oxide (GO) wrapped Fe;O, nanoparticles (NPs) were prepared by coating the Fe;O4 NPs with a SiO, layer, and then
modifying by amino groups, which interact with the GO nanosheets to form covalent bonding. The SiO, coating layer plays a key role in integ-
rating the magnetic nanoparticles with the GO nanosheets. The effect of the amount of SiO, on the morphology, structure, adsorption, and re-
generability of the composites was studied in detail. An appropriate SiO, layer can effectively induce the GO nanosheets to completely wrap
the Fe;04 NPs, forming a core-shell Fe;0,@Si0,@GO composite where Fe;O,@Si0, NPs are firmly encapsulated by GO nanosheets. The
optimized Fe;0,@Si0,@GO sample exhibits a high saturated adsorption capacity of 253 mg-g™' Pb(Il) cations from wastewater, and the ad-
sorption process is well fitted by Langmuir adsorption model. Notably, the composite displays excellent regeneration, maintaining a ~90% ad-
sorption capacity for five cycles, while other samples decrease their adsorption capacity rapidly. This work provides a theoretical guidance to

improve the regeneration of the GO-based adsorbents.

Keywords: graphene oxide; ferroferric oxide; core-shell structure; adsorption; regeneration; covalent bonding; lead(Il) removal

1. Introduction

Wastewater originating from industries, such as metallur-
gical, chemical manufacturing, and textile printing, contains
many toxic pollutants that pose a great threat to our existence
[1-2]. Many strategies have been proposed to remove the
contaminants, including membrane filtration, ion exchange,
and adsorption [3—6]. Among these methods, adsorption is
very common because of its high efficiency, low cost, and
environmental friendliness [7-8]. Traditional carbon materi-
als, such as activated carbon, have been extensively used as
adsorbents because of their high specific surface area and ex-
cellent chemical stability [9—-10]. Consequently, novel car-
bon materials, such as graphene and its derivatives, have
been largely investigated as adsorbents because graphene-
based composites have good adsorption performances
[11-13].

Alternatively, magnetic carbon composites have attracted
more interest because they have potential application in many
fields such as catalysis, sensors, and adsorption [14-16]. In
the environmental remediation field, magnetic graphene ox-
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ide (GO) composites are promising adsorbents [17-21]. First,
GO has rich oxygen-containing groups and a sp” carbon hon-
eycomb structure, of which the former can efficiently chelate
metal ions, and the latter can adsorb aromatic organics by m—n
interaction. Second, magnetic characteristic makes adsorbent
recycling convenient, thus overcoming the disadvantage of
difficult separation of GO from the solution. To further im-
prove the performance of the magnetic GO composites, some
researchers have proposed a strategy to wrap Fe;O4 nano-
particles (NPs) with GO nanosheets (Fe;04,@GO) [22-23].
The as-prepared composites possess a core-shell structure
such that the Fe;O, core can prevent GO nanosheets from re-
stacking, producing GO nanosheets perform the role of ad-
sorbent fully.

The excellent performance of Fe;0,@GO has been suffi-
ciently proven by previous research; however, firmly and
completely wrapping GO nanosheets with Fe;O, NPs to form
an ideal core-shell structure still remains a big challenge. The
Fe;0,@GO composites need to be synthesized stepwise, and
we previously investigated some parameters affecting the
structure of Fe;0,@GO [24]; however, the SiO, coating step
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was neglected. The surface modification of the SiO, coating
is an indispensable procedure, which plays a pivotal role in
forming a desired core-shell structure.

In this study, we systematically investigated the effect of a
SiO, coating on the final structure of Fe;0,@GO, where
Fe;0, NPs were first coated by a SiO, layer and then
wrapped by GO nanosheets (Fe;0,@SiO,@GO). The ad-
sorption capacity and regenerability of the samples were
studied with various amounts of SiO, when Pb(II) cations
were used as the adsorbate. The encapsulation effect of GOs
on the regenerability of the sample was discussed. GO
nanosheets were encapsulated with Fe;O, NPs via covalent
bonding by optimizing the SiO, coating and other paramet-
ers. As a result, an ideal core-shell structure was obtained
with excellent regenerability. This study provides a theoret-
ical guidance to improve the structure and performance of the
Fe;0,@GO composites.

2. Experimental
2.1. Synthesis of the Fe;O,@SiO,@GO samples

All chemicals were of analytical grade and used as re-
ceived. Synthesis of the Fe;0,@Si0,@GO samples included
four steps: preparation of Fe;O,, SiO, coating on Fe;0,, sur-
face amino-group functionalization, and an amination reac-
tion between GO and the magnetic NPs, which was previ-
ously reported with some modification [24]. For solvotherm-
al synthesis of Fe;O,4, 5.0 mL of distilled water was used and
the as-obtained Fe;O, NPs had good dispersity and uniform-
ity. For SiO, synthesis by a modified Stoker method, various
amounts of tetracthyl orthosilicate (TEOS) (0, 2, 4, and 8
mL) were used to form a SiO, layer on the surface of Fe;0,.
The as-prepared samples were designated as Fe;O,@SiO,-1,
Fe;0,@Si0,-2, Fe;0,@Si0,-3, and Fe;0,@Si0,-4, respect-
ively. Although Fe;O, can be directly grafted by 3-aminopro-
pyl triethoxysilane (APTES), the highly hydrophilic SiO,
coating can react more efficiently, contributing to ameliora-
tion of the final encapsulation structure. After APTES was
reacted with Fe;0,@SiO,, creating a rich-NH, group surface,
the sample (Fe;0,@Si0,~NH,) was reacted with GO, and the
resulting GO-based samples were denoted as Fe;O,@
SiO,@GO-1, Fe;0,@Si0@GO0-2, Fe;0,@Si0,@GO-3,
and Fe;0,@SiO,@GO-4, respectively. Other optimized
parameters were previously reported [24].

2.2. Characterization

The phase analysis was determined by X-ray diffracto-
metry (XRD, D8 Advanced Diffractometer System, Bruker,
Germany) with Cu-K, radiation, and the 26 range was from
5° to 80°. Fourier-transform infrared spectroscopy (FTIR,
Spectrum One, PerkinElmer, US) was used to analyze the
chemical bonding of the samples, and the data were recorded
over the wavenumber range of 400-4000 cm . Raman spec-
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tra were collected on a British Renishaw inVia confocal Ra-
man microscope to determine the structural information.
Scanning electron microscopy (SEM, JSM-6360LV, JEOL,
Japan) was used to observe the morphology of the samples.
Transmission electron microscopy (TEM, Tecnai G2 F20,
FEI, USA) was adopted to examine the texture and morpho-
logy at an operating voltage of 200 kV. The magnetic tests
were conducted on a Lakeshore 7407 vibrating sample mag-
netometer at room temperature.

2.3. Adsorption and regeneration experiments

Pb(II), a typical heavy metal ion, was used to act as an ad-
sorbate for examining the adsorption of the samples. Pb(II)
adsorption was performed in a shaker at 200 r/min at 25°C.
50 mg of the sample and 50 mL of the Pb(II) solution (300
mg-L™" initial concentration) were mixed in a 100 mL conic-
al flask and the pH was adjusted to 6. The suspension was
agitated for 12 h until the adsorption equilibrium was
reached. The adsorbent was then separated by an external
magnet. The Pb(Il) concentration in the supernatant was
measured by atomic absorption spectrophotometry (AAS,
ThermoFisher, iCE™ 3500). The adsorption isotherm exper-
iments were conducted under the same condition at different
initial concentrations ranging from 50 to 400 mg-L™". The ad-
sorption capacity was calculated based on the following for-
mula:

(Co-C)V
Q=" )
where, g, (mg-g") denotes the adsorption capacity at equi-
librium; C, and C, (mg-L™") signify the initial and equilibri-
um concentrations of Pb(II), respectively; V' (L) and M (g) are
the solution volume and the adsorbent mass, respectively.
Adsorption—desorption experiments were performed with the
same procedures. An HCl solution (0.01 M) was used as the
eluent to regenerate the samples.

3. Results and discussion
3.1. SEM/TEM morphologies

The SEM morphologies of the Fe;0,@SiO, samples
treated by different amounts of TEOS are presented in Fig. 1.
The pristine Fe;O4 NPs displays a spherical morphology with
good dispersity (Fig. 1(a)). After treating with 2 mL of
TEOS, the Fe;0, NPs were coated with a SiO, layer, leading
to slight agglomeration (Fig. 1(b)). With increasing the
TEOS amount to 4 mL, a smooth SiO, coating covered the
surface of the magnetic NPs; however, there was some de-
gradation to the good dispersibility of the magnetic NPs (Fig.
1(c)). However, when the TEOS amount reached 8 mL, the
Fe;0, NPs aggregated severely and were coated by SiO, to
form large clusters. Additionally, some cubic SiO, particles
were deposited on the Fe;O, clusters in some places (Fig.

1(d)).
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Fig. 1. SEM morphologies of (a) Fe;0,@SiO,-1, (b) Fe;0,@
Si0,-2, (¢) Fe;0,@Si0,-3, and (d) Fe;0,@SiO,-4.

The SEM images of the Fe;0,@Si0,@GO samples pre-
pared using different amounts of TEOS are shown in Fig. 2.
Only the Fe;0,4 NPs in Fe;04@Si0,@GO-3 were success-
fully wrapped by the GO nanosheets (Fig. 2(c)). In other
samples, the Fe;O, NPs appeared to be scattered or deposited
on the GO nanosheets (Figs. 2(a), 2(b), and 2(d)). Notably, in
Fe;0,@Si0,@GO-1, the Fe;0, NPs were loosely connected
with GO, and in some places, they were nearly separated
from GO nanosheets (Fig. 2(a)).

500 nm

.

Fig. 2. SEM images of the Fe;0,@SiO,@GO composites pre-
pared using different TEOS amounts: (a) 0, (b) 2, (¢) 4, and (d)
8 mL.

The SEM characterization demonstrates that the SiO,
coating on the surface of Fe;O, NPs plays a key role in decid-
ing the structure of the final GO-based composites. A SiO,
layer has rich hydrophilic groups on its surface [25], and
these groups can effectively attract APTES to react with
them. Compared with bare Fe;0,, the Fe;O, NPs coated with
a SiO, layer can react with APTES more easily. Additionally,
—NH, groups can be uniformly and densely distributed on the
entire surface of the magnetic NPs, which will be very help-

ful to wrap with the GO nanosheets. In Fe;0,@Si0O,-1, a
SiO, layer is not coated on the Fe;O, NPs; accordingly, in
Fe;0,@Si0,@GO-1, the encapsulation effect is the worst.
For the Fe;0,@Si0,-2 sample, a small amount of TEOS pro-
duces a thin or partly covered SiO, layer, naturally leading to
a worse encapsulation effect. In the case of Fe;0,@SiO,@
GO-4, excess SiO, makes the Fe;O, NPs form large clusters,
which is disadvantageous to its later reactions with APTES
and GO. The well-dispersed Fe;0,@Si0,-3 has a smooth and
uniform SiO, coating layer, which is a good magnetic pre-
cursor (Fig. 1(c)). Correspondingly, in Fe;0,@Si0,@GO-3,
the magnetic NPs are completely and strongly wrapped by
GO nanosheets (Fig. 2(c)), in contrast to the other samples
(Figs. 2(a), 2(b), and 2(d)).

TEM was used to further examine the morphology of the
Fe;0,@Si0,@GO-3 sample and its precursor (Fig. 3). A
uniform layer of SiO, was clearly observed as a coating on
the surface of Fe;0, NPs for the Fe;0,@SiO,-3 precursor
(Fig. 3(a)). Moreover, the crumpled, silk-like GO nanosheets
are firmly attached to the surface of Fe;O, NPs for the
Fe;0,@Si0,@GO-3 sample (Fig. 3(b)).

1 Si0, coating

- 200 nm

Fig.3. TEM images of (a) Fe;0,@Si0,-3 and (b) Fe;O,@SiO,@
GO-3.

3.2. XRD patterns

The XRD patterns of graphite oxide, Fe;0,4, Fe;0,@Si0,-
3 and Fe;0,@Si0,@GO-3 are shown in Fig. 4. Graphite ox-
ide presents a peak at 26 = ~10°, corresponding to its (001)
reflection. Except for graphite oxide, the other samples have
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Fig. 4. XRD patterns of (a) graphite oxide, (b) Fe;O4, (c)

Fe;0,@Si0,-3, and (d) Fe;0,@SiO,@GO-3.
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the typical XRD patterns of magnetite (JCPDS No. 19-0629),
indicating that Fe;O, has been successfully prepared and its
structure has been well preserved after coating a layer of SiO,
and reacting with GO. In the Fe;0,@SiO,@GO-3 sample,
the XRD pattern of graphite oxide disappeared completely,
inferring that its crystalline structure has been destroyed and
a novel structure with wrapped nanosheets of GO was
formed [26].

3.3. FTIR and Raman spectra

Fig. 5 displays the FTIR and Raman spectra of the
samples. In the FTIR spectra of GO (Fig. 5(a)), the peak at
1740 cm™' comes from carboxyl groups, and the peaks at
~3445 and 1610 cm™ are attributed to O-H groups. The
Fe;0, sample has an intensive peak at ~580 cm ', which is
ascribed to the stretching vibration of the Fe—O bond. For
Fe;0,@Si0,-3, the peaks at 1060 and 801 cm ™ are attributed
to the asymmetric stretching vibrating of Si—~O-Si and the
stretching vibrating of Si—O, respectively. For Fe;0,@Si0,@
GO-3, the peak at 1630 cm ' is attributed to the N-H groups,
the peak at 1210 cm™ is attributed to the C-N stretching vi-
brating, and the other peaks at 1065 and 580 cm™ are attrib-
uted to Si—~O-Si and Fe-O bonds, respectively [27-28]. The
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Fig. 5. (a) FTIR spectra of GO, Fe;0,4, Fe;0,@SiO,-3, and
Fe;0,@Si0,@GO-3; (b) Raman spectra of GO and Fe;O,@
SiO,@GO-3.

Table 1. Saturation magnetizations (Ms) of samples
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emerging new peak from the C—N bond and disappearing vi-
bration bands are attributed to the groups of GO, indicating
that amidation reaction occurs between GO and magnetic
NPs, and the interaction between the magnetic NPs and GO
nanosheets is covalent bonding.

Raman scattering is an important tool to characterize the
structure of carbonaceous materials. As shown in Fig. 5(b),
both samples of GO and Fe;0,@SiO,@GO-3 have a D band
(~1350 cm™) and G band (~1590 cm™"), which can be attrib-
uted to a disordered structure (sp® carbon atoms of disorders
and defects) and graphite structure (sp> carbon atoms in
graphitic nanosheets), respectively [29]. Compared with GO,
the intensity ratio of D and G bands (ID/IG) of Fe;O,@
Si0,@GO-3 increases, indicating that GO nanosheets are
more chaotically distributed in the composites, which is in
agreement with the encapsulation structure of GO.

3.4. Saturation magnetization

Good magnetism is very important to promptly separate
the magnetic adsorbent from solution. The saturation mag-
netization (Ms) of the samples are listed in Table 1. The pure
Fe;0, sample has the highest saturation magnetization (75.1
A-m*kg "), while the Fe;0,@Si0,@GO-4 has the lowest.
However, all values of the saturation magnetization are
greater than 50 A-m*-kg”, thus all samples can be effect-
ively separated from solution within 25 s by an external mag-
net, which is very beneficial to facilitate post processing.

3.5. Adsorption/regeneration performance

The isothermal adsorption of Pb(I) over Fe;0,@SiO,@
GO-3 is presented in Fig. 6. The Fe;0,@Si0,@GO-3 sample
exhibits a higher efficiency at low concentration and g, is
nearly constant at a higher C, value (>120 mg-L™). The re-
lated adsorption mechanism and process are elucidated by the
Langmuir model [30-32], and the Langmuir isotherm equa-
tion is as follow:

L &, | @)
ge  Gm gmKL
where ¢,, (mg-g') is the saturated adsorption capacity based
on the complete monolayer coverage, and K; (L-mg) is the
Langmuir adsorption constant related to the adsorption en-
ergy.

Using the Langmuir equation, ¢, and K are estimated to
be 253 mg-g ' and 0.073 L-mg ', respectively. The correla-
tion coefficient (R®) is greater than 0.95, indicating that the
adsorption process follows the Langmuir model and
chemisorption dominates the adsorption mechanism.

To further investigate the performance of Fe;0,@SiO,@

A-m*kg’

Fe3O4 Fe304@SIOZ@GO-1

Fe304@SiOZ@GO-2

FC304@Si02@GO-3 FC304@SIOQ@GO-4

75.1 69.5 62.8

57.1 513
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Fig. 6. (a) Pb(II) adsorption isotherm of Fe;0,@SiO,@GO-3
and (b) linear fitting of adsorption isotherm plot using Lang-
muir model.

GO-3, Fe;0,@SiO,—NH,-3 (the sample obtained after
Fe;0,@Si0,-3 reacted with APTES) was tested for its Pb(II)
adsorption (300 mg-L™ of Pb(I) initial concentration),
reaching a capacity of 173.5 mg-g', which is ~78% the capa-
city of Fe;0,@SiO,@GO-3. Fe;0,@Si0,—NH,-3 displays
significant Pb(Il) adsorption attributed to the rich-NH,
groups on the surface that can efficiently chelate Pb(II).
However, this sample tends to aggregate upon recycling, fail-
ing to act as a recyclable adsorbent.

The adsorption—desorption experiments were performed
at pH of 6.0 for five cycles, and the results are presented in
Fig. 7. The Fe;0,@Si0,@GO-3 sample has the highest ad-
sorption capacity and best regenerability. After five cycles,
the sample can preserve ~90% of the initial adsorption capa-
city. However, the Fe;0,@Si0,@GO-1, Fe;0,@SiO,@GO-
2, and Fe;0,@Si0,@GO-4 samples can just maintain ~12%,
~40%, and ~20% of their initial adsorption capacities, re-
spectively.

The performance differences between the samples are at-
tributed to their different structures. Compared with other
samples, the good performance of Fe;0,@SiO,@GO-3 can
be attributed to its structure. GO nanosheets are completely

separated by Fe;O4 NPs, thus GO adsorption sites can be eas-
ily and fully accessed by adsorbates. Secondly, its structure
can maintain its stability during recycling, leading to excel-
lent regeneration. The other samples also have significant ad-
sorption capacity; however, their regenerability deteriorates
rapidly. The deposited or scattered Fe;O, NPs cannot effi-
ciently prevent re-stacking of the GO nanosheets, greatly re-
ducing the specific surface area, and thus reducing the ad-
sorption capacity [33].
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Fig. 7. Adsorption—desorption recycling of Fe;0,@SiO,@GO
samples toward Pb(Il): (a) Fe;0,@SiO,@GO-3, (b) Fe;0,@
Si0,@GO-2, (¢) Fe;0,@SiO,@GO-4, and (d) Fe;0,@SiO,@
GO-1.

Regenerability becomes an important property for the
practical application of the GO-based adsorbents because of
their relatively high cost. In contrast to the poor regenerabil-
ity of the other samples, Fe;0,@Si0,@GO-3 displays excel-
lent regenerability for the following reasons. In its core-shell
structure, the Fe;O, NPs are completely encapsulated by GO
nanosheets and the contact area between them is much larger
than the other samples. Secondly, the covalent bonding is
strong enough to resist the desorption environment, thus
maintaining a stable structure and performance. The results in
the study indicate that it can greatly enhance the regenerabil-
ity of the GO-based composites by constructing an ideal
core-shell structure.

4. Conclusion

Overall, the magnetic GO-based composites with a core-
shell structure were prepared successfully. The Fe;O, NPs are
completely wrapped by the GO nanosheets and firmly tight
with each other via covalent bonding. The unique structure is
because of the SiO, layer on Fe;O,. An appropriate SiO, lay-
er can induce GO nanosheets to react with the magnetic NPs
to form GO-wrapped composites. The obtained Fe;O,@
Si0,@GO-3 composite has good magnetization (57.1
A-m*kg ") and displays a high adsorption capacity toward
Pb(II). Notably, the GO-based composite possesses an excel-
lent regenerability, maintaining ~90% adsorption capacity
after five cycles. The results indicate that the regenerability of
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GO-based composites can be greatly improved by designing
GO-wrapped NP composites, thus guiding the synthesis of
magnetic GO-based composites.
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