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Abstract

Graphene-based magnetic hybrid nanocomposite has the advantage of exhibiting better performance as platform or supporting
materials to develop novel properties of composite by increasing selectivity of the targeted adsorbate. The hybrid nanomaterial
was prepared by mixing and hydrolyzing iron (I1) and iron (I11) salt precursors in the presence of GO dispersion through co-
precipitation method followed by in situ chemical reduction of GO. The effect of weight loading ratio of Fe to GO (4:1, 2.5:1,
1:1 and 1:4) on structural properties of the hybrid nanomaterials was investigated. The presence of characteristic peaks in FTIR
spectra indicated that GO has been successfully oxidized from graphite while the decrease in oxygenated functional groups and
peaks intensity evidenced the formation of hybrid nanomaterials through the subsequent reduction process. The presence of
characteristic peaks in XRD pattern denoted that magnetite nanoparticles disappeared at higher loading of GO. TEM micrograph
showed that the best distribution of iron oxide particles on the surface of hybrid nanomaterial occurred when the loading ratio of
Fe to GO was fixed at 2:5 to 1. The reduced graphene oxide (RGO) sheets in the hybrid materials showed less wrinkled sheet-
like structure compared to GO due to exfoliation and reduction process during the synthesis. The layered morphology of GO
degrades at higher concentrations of iron oxide.
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Abstrak

Nano komposit hibrid magnetik berasaskan grafin mempunyai kelebihan dengan mempamerkan prestasi yang lebih baik sebagali
platform atau bahan sokongan untuk mengembangkan sifat-sifat baharu komposit dengan meningkatkan pemilihan bahan
terjerap yang disasarkan. Bahan nano hibrid telah disediakan dengan mencampurkan dan menhidrolisasikan pemula garam ferum
(1) dan ferum (111) ke dalam sebaran GO melalui kaedah mendakan kimia diikuti oleh pengurangan kimia GO secara in situ.
Kesan nisbah muatan berat Fe ke GO (4: 1, 2.5: 1, 1: 1 dan 1: 4) terhadap sifat struktur bahan nano hibrid telah dikaji. Kehadiran
puncak berciri dalam spektrum FTIR menunjukkan bahawa GO telah berjaya teroksida daripada grafit manakala penurunan
dalam kumpulan berfungsi oksigen dan keamatan puncak membuktikan bahawa terdapat pembentukan bahan nano hibrid
berikutan melalui proses pengurangan. Kehadiran puncak berciri dalam corak XRD menandakan bahawa nano zarah magnetit
hilang apabila muatan GO lebih tinggi. Mikrograf TEM menunjukkan bahawa pengagihan zarah ferum oksida yang terbaik di
atas permukaan bahan nano hibrid berlaku apabila nisbah muatan berat Fe ke GO ditetapkan pada 2: 5 ke 1. Kepingan grafin
oksida yang melalui proses pengurangan (RGO) dalam bahan hibrid menunjukkan struktur kedutan yang berkurang berbanding
GO disebabkan oleh proses pengelupasan dan pengurangan semasa sintesis. Lapisan morfologi GO berkurang pada kepekatan
ferum oksida yang lebih tinggi.

Kata kunci: grafin, grafin oksida, pengubahsuaian permukaan, mendakan kimia, nano zarah magnet
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Introduction
Exposure to polluted water containing heavy metals and industrial waste can lead to major drawbacks to
environment and pose risk to human health. In order to tackle these issues, various alternatives including membrane
filtration [1], adsorption [2, 3], and ion exchange [4, 5] have been established. Recently, practical approaches have
been made to develop a rapid nanocomposite adsorbent by incorporating magnetic nanoparticles (NPs) or
nanocrystals into graphene or derivatives of graphene.

Graphene, a one-atom layer thick packed into a two-dimensional honeycomb sp? carbon lattice is currently an
emerging new material in the world of science and technology because of their unique and outstanding properties
[6, 7]. The production of graphene or reduced graphene oxide is preferably by using chemical route prior to its
economical bulk synthesis. Meanwhile, high surface area and specific affinity for heavy metal adsorption from
aqueous systems or wastewater samples can be provided by development of nanostructure metal oxides.

Among a wide range of magnetic materials, FesO, NPs are becoming the topic of interest due to their unique
magnetic separation performances by simply applying an external magnetic field. Besides that, magnetite
nanoparticles are very well known for their established application in water treatment. In addition, magnetic
particles-based composite adsorbents allowed rapid isolation from aqueous solutions for recycling or regeneration.
The great advantage that arises from these two outstanding materials is essential to reduce the cost and time required
for water or wastewater treatment.

Wu et al. reported the preparation of a graphene-based magnetic nanocomposite for the extraction of carbamate
pesticides from environmental water samples [8]. Sheng et al. developed a versatile magnetic graphene oxide which
has performed an efficient removal of arsenate [9]. Fan et al. also fabricated magnetic B-cyclodextrin-
chitosan/graphene oxide as nanoadsorbent and applied into the application of removal and dye adsorption [10].
Despite having a lot of advantages, the formation of magnetic nanoparticles with graphene or its derivatives may
involve particles aggregation thus the process remains challenging.

In this study, a graphene-based magnetic hybrid nanocomposite consisting magnetic nanoparticles that were
incorporated on the surface of reduced graphene oxide through chemical co-precipitation of iron chloride salts
solution and subsequent reduction of graphene oxide was developed. The properties of this hybrid material prepared
with different loading ratios of graphene oxide and iron salt precursors were investigated. The synthesized
nanomaterials were characterized by X-ray diffraction (XRD) and transmission electron microscopy (TEM) to study
the nanoparticles crystallinity and morphology, respectively. The chemical compositions of the hybrid materials
were investigated by Attenuated Total Reflectance Infrared spectroscopy (ATR-IR). It was expected that the further
optimization of these hybrid materials based on various parameters such as type of reducing agent, reaction time,
stirring rate and synthesis temperature can be implemented to produce a promising adsorbent for water treatment.

Materials and Methods
The materials used in the experiments were included of commercial graphite powder (60 — 85%) supplied by
Superior Graphite Co. while hydrochloric acid (HCI, 37 %), sodium hydroxide (NaOH), hydrazine hydrate
(N,H4.H,0), and sulfuric acid (H,SO,4, 95 — 97 %) were from Merck. Potassium permanganate (KMnQy,, 99 %) was
purchased from Bendosen. Hydrogen peroxide (H,O,, 35 %), ferric chloride hexahydrate (FeCl;.6H,0) and ethanol
(C,H¢O) were supplied from QReC. Sodium nitrate (NaNO3) and ferrous chloride tetrahydrate (FeCl,.4H,0) were
obtained from Systerm. All materials were used as received. Distilled water was used throughout this study.

Preparation of Graphene Oxide (GO) films

Graphite oxide was first prepared from graphite powder in the presence of strong oxidizing agents according to
modified Hummers method [11]. The proportion was scaled down during the synthesis process. Graphite powder (2
g) and NaNO; (1 g) were gradually added to a cold concentrated H,SO, (98 %, 46 ml) followed by 30 minutes
stirring in an ice bath. Subsequently, KMnO, (6 g) was slowly added to the mixture while maintaining the
temperature below 20 °C. After 2 hours stirring, the ice bath was removed and the mixture was stirred at 35 °C for
30 minutes until it became pasty brownish. The reaction was continued with the addition of distilled water (92 mL)
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resulting in sudden increase of the reaction temperature to 90 — 98 °C which was maintained for 15 minutes. The
mixture was diluted with distilled water and subsequently, H,O, (30 %, 10 mL) was added to stop the oxidation
process resulting the mixture turned to bright yellow with few bubbles existed. The mixture was left overnight with
continuous stirring to make sure its homogeneity. The mixture then was centrifuged, rinsed with 5 % HCI solution
to remove the residual metal ions followed by distilled water for several times to obtain neutral pH. Graphite oxide
solution was subjected to ultrasonication to produce graphene oxide (GO). The resulting slurry was dried at 70 °C
for 24 hours to obtain GO films.

Preparation of Fe;0,-RGO Hybrid Nanomaterials

The procedure was modified from the previous literature where the molar ratio of Fe**:Fe?* was fixed as 2:1 to
synthesize the Fe;O,4 nanoparticles [12]. GO (200 mg) was dispersed in distilled water (200 mL) by ultrasonication
for 30 minutes to transform the carboxylic acid groups to carboxylate anions. Then FeCl;-6H,0 (0.04 mol) and
FeCl,-4H,0 (0.02 mol) were dissolved in distilled water (100 mL), which then was added drop wise to GO
dispersion at room temperature with vigorous stirring followed by sonication process for 30 minutes. Subsequently,
50 wt% NaOH solutions was added drop wise. The pH was constantly monitored to make solution of pH 11 — 12.
The temperature of the solution was raised to 80 °C and hydrazine hydrate (1.5 mL) was added with constant
stirring for reduction of GO, resulting in a black solution. After being rapidly stirred for 5 hours the solution was
continuously stirred for 12 hours at room temperature. The resulting precipitate was thoroughly washed with
distilled water (3 times) and then followed by ethanol (3 times) to remove any impurities. The products were
centrifuged for 15 minutes at 3000 rpm to discard excess water. The precipitate then was dried at 60 °C for 8 hours.
The dry product was then grinded into a fine powder. The same procedures were repeated to prepare different Fe to
GO weight loading ratios of 1:1, 2.5:1. 4:1 and 1:4 (labeled as Fe/RGO 1:1, Fe/RGO 2.5:1, Fe/RGO 4:1, Fe/RGO
1:4 respectively).

Characterization of GO films and hybrid nanomaterials

FTIR was used to determine the chemical compositions of the prepared GO and hybrid nanomaterials. The prepared
samples were characterized by using Attenuated Total Reflectance-Fourier Transform Infrared spectrometer (ATR-
FTIR) with a resolution of 4 cm™. The crystallinity of GO and hybrid nanomaterials were examined based on XRD
patterns obtained from PANalytical X'Pert Pro MPD HR-X-ray diffractometer, powered by Philips PW3040/60 with
Cu-K, radiation (A = 1.5418 A) generated from a Cu anode supplied with 40 kV and a current of 30 mA. The scan
range for 20 was from 5 to 90°. The surface morphology of the prepared samples was studied based on the TEM
images captured with FEI/Philips CM12 transmission electron microscope operated at 120 kV.

Results and Discussion

Fourier Transform Infrared spectrometer (FTIR)

Figure 1 shows the FTIR spectra of graphite and graphene oxide (GO). The presence of few significant
characteristic peaks in GO can be associated to the presence of oxygenated functional groups which were resulted
from successful oxidation of graphite. The broad adsorption band at 3230.2 cm™ is assigned to the O-H stretching
vibrations while two adsorption bands appear at 1716.7 cm™ and 1625.6 cm™ are corresponding to the C=0O
stretching (from carbonyl and carboxyl groups) and aromatic C=C vibration (resulted from skeletal vibration from
unoxidized graphitic domains) respectively. The peak observed at 1386.1 cm™ can be assigned to the combination of
C-O (carboxy) stretching vibration and deformation vibration of hydroxyl groups. Another peak presents at 1048.8
cm can be attributed to the C-O (alkoxy) stretching vibration.

Figure 2 illustrated the FTIR spectra of GO and the hybrid nanocomposite with different loading ratio. The
appearance of peak at 500-600 cm™ differs GO from the hybrid nanocomposite in which it denoted the presence of
Fe-O. The peak intensity of the hybrids was found to be very similar to each other except for Fe/RGO 1:4 which
probably due to the higher loading ratio of GO presented in the hybrid. In general, the FTIR absorption bands of the
hybrid nanocomposite showed much lower intensity compared to that of GO. The observation suggested that the
oxygenated functional groups were partially removed from GO during the reduction process using hydrazine
hydrate where GO has transformed into reduced graphene oxide (RGO) during the synthesis [13].
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Figure 1. FTIR spectra comparison of (i) graphite and (ii) GO
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Figure 2. FTIR spectra comparison of (a) GO and hybrid nanomaterials with different weight loading ratios (b)
Fe/RGO 1:4, (c) Fe/RGO 2.5:1, (d) Fe/RGO 4:1, and (e) Fe/RGO 1:1 respectively
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X-Ray Diffraction (XRD)

XRD analysis was used to further confirm and compare the crystalline structure and composition of the obtained
hybrid nanomaterials. XRD patterns of graphite, graphene oxide (GO) and hybrid materials synthesized at different
weight loading ratios are shown in Figure 3. Graphite shows a very sharp diffraction peak at 26 = 26.5° which
corresponds to d-spacing of 0.34 nm with an index (002). Meanwhile, GO exhibits typical diffraction peaks
centered at 20 = 11.5° (001) corresponding to interlayer distance of ~ 0.77 nm and 20 = 22.3° (100) which is
consistent with the previous report [14]. The diffraction peak appears from GO is originated from (002) layer plane
from graphite. The interlayer d-spacing of graphene oxide (0.77 nm) tends to be much larger than graphite (0.34
nm) due to the presence of many oxygen functionalities that attached to the surfaces of GO with some potential
defects related to the strong oxidation process. A broad diffraction peak appears at 26 = 22.3° due to the short range
order of stacked graphene sheets.
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Figure 3. XRD patterns of (a) graphite, (b) GO, (c) Fe/RGO 1:1, (d) Fe/RGO 1:4, and (e) Fe/RGO 2.5:1

The XRD patterns of Fe/RGO nanocomposite with ratio of 1:1 and 1:4 are very similar. Both Fe/RGO 1:1 and
Fe/RGO 1:4 showed the most intense diffraction peaks at 26 = 24° and 23° respectively corresponding to the peak
resulted from GO. However, both Fe/RGO 1:1 and Fe/RGO 1:4 do not show any peak that is corresponding to the
magnetite compound. The Fe/RGO 1:1 is less likely to show magnetic properties due to the presence of minute
amount of Fe,O3 particles in their composite. There are some diffraction peaks that are indexed to Fe;O, particles in
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Fe/RGO 2.5:1 with low intensity as compared to pure magnetic particles. The peaks of Fe/RGO 2.5:1 appear at 20
= 19.3° (111), 35.4° (311), 43.1° (400), 53.7° (422) and 62.5° (440) indicated the characteristic of Fe;O,
nanoparticles while 20 = 24. 5° corresponds to the peak resulted from GO. However, formation of magnetite
particles was not pure and might contain Fe,O3 particles and it was shown by at least two peaks of (220) and (511)
indexes were missing. The synthesis reaction that was not carried out under nitrogen flow might be the reason for
the unsuccessful magnetite formation since the ratio between Fe?* and Fe®* was probably disturbed during the
fabrication process [15]. By using Scherer formula, average particle size of Fe/RGO 2.5:1 is estimated as 11.8 nm.

Transmission Electron Microscope (TEM)

The surface morphology of GO and the hybrid nanocomposites were studied by TEM whereby only GO and
Fe/RGO nanocomposite with weight loading ratio of 2.5:1 and 1:4 were chosen as the representative samples
(Figure 4). TEM analysis was performed on these two hybrids because Fe/RGO 2.5:1 presented the most significant
characteristic peaks of XRD pattern while the analysis on Fe/RGO 1:4 was carried out to confirm that the higher
loading ratio of GO might contribute to the disappearance of Fe-O absorption peak in the respective FTIR spectra.
From the obtained TEM micrographs, there is significant difference between the as-prepared GO and RGO sheets in
Fe/RGO 2.5:1 and Fe/RGO 1:4 hybrid. The RGO sheets present in the Fe/RGO 2.5:1 hybrid show less wrinkled
sheet-like structure compared to GO and Fe/RGO 1:4 hybrid probably due to the exfoliation and reduction process
during the synthesis. It has also been reported that, the layered morphology of GO tends to degrade at higher
concentrations of iron oxide [16].

Figure 4. TEM micrographs of GO, Fe/RGO 2.5:1 and Fe/RGO 1:4 at magnification of 200 nm: (a, b, c), 100 nm:
(d, e, f) and 50 nm: (g, h) respectively
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Conclusion

The study on fabrication of hybrid nanomaterials was conducted by incorporating graphene oxide (GO) and
magnetic nanoparticles altogether to achieve enhanced properties of conventional nanocomposite. The oxygen-rich
functional groups allow GO to carry out secondary functionalization for the preparation of hybrid nanomaterials. In
this study, magnetic hybrid materials were developed through chemical co precipitation from the mixture of iron (I1)
and iron (1) salt precursors, followed by in situ chemical reduction process of GO. From the FTIR spectra, it was
shown that GO exhibited significant difference from graphite in terms of the amount of oxygenated functional
groups. On the other hand, the hybrid nanomaterials exhibited absorption bands with much lower intensity
compared to that of GO due to the partial removal of oxygenated functional groups during the reduction process. As
higher loading of GO may have restricted the formation of iron particles onto the GO surface, the characteristic
peaks that corresponding to magnetite nanoparticles were absent in the XRD patterns. The layered morphology of
RGO sheets in hybrid nanocomposites showed less wrinkled sheet-like structure as compared to GO due to the
exfoliation during the reduction process and probably because of the increasing iron oxide content. This study has
shown that weight loading ratio of Fe to GO has significant effect in term of morphological and structural properties
of the hybrid nanocomposites.
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