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ABSTRACT

Multifunctional chitosan/magnetite (CS/Fe304) and graphene/chitosan/magnetite (Gr/CS/Fe304) nanocompos-
ites (NCs) were synthesized using a simple hydrothermal method. The NCs were subsequently evaluated as mag-
netic photocatalysts towards the photodegradation of dye molecules that are detrimental to the environment. In
the present study, sphere shaped Fe;04 nanoparticles (NPs) were found to uniformly decorate CS and Gr surfaces.
The synthesized Fe;04 NPs, CS/Fe30,4 and Gr/CS/Fes04 NCs were characterized by powder X-ray diffraction,
Fourier-transform infrared and Raman spectroscopy, thermogravimetric analysis, UV-visible diffuse reflectance
and photoluminescence spectroscopy, and field emission scanning electron microscopy coupled with energy dis-
persive X-ray spectroscopy. The Gr/CS/Fe304 NCs showed 100% photocatalytic efficiency against rhodamine B
(40 min), bromothymol blue (60 min), methylene blue (80 min) and methyl orange (100 min) compared to
Fe304 NPs (100 min for Rh-B, 120 min for BTB, 160 min for MB and 180 min for MO) and CS/Fe304 NCs
(90 min for Rh-B, 100 min for BTB, 140 min for MB and 150 min for MO). The photocatalytic irradiation efficiency
of Fe304 NPs, CS/Fe304 and Gr/CS/Fe;0,4 NCs, evaluated against visible light, was found to be significantly higher

for Rh-B (100% within 40 min) compared to the other tested dyes.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the level of toxic chemical substances that end up in
the environment has been increasing at an alarming level, threatening
several forms of life on earth. Among them, dye molecules are important
chemicals that damage the aquatic ecosystem [1]. These are carcino-
genic in nature and cause mutations in invertebrates. Wastewater that
originate from dye industries are dumped into aquatic ecosystem,
which causes severe water pollution. Although a wide range of dye mol-
ecules are available, rhodamine-B (Rh-B), methylene blue (MB), methyl
orange (MO), bromothymol blue (BMB) are still widely used in the
chemical and medical industries. According to a very recent study, the
level of these mutagenic and carcinogenic dye molecules is high in
wastewater [2]. Hence, it is necessary to address this problem caused
by these toxic dye molecules.
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For the removal of dyes from wastewater, physical, chemical and bi-
ological techniques have been reported [3]. The traditional methods
employed for the degradation of dyes have, however, several limitations
including high cost, low efficiency, instability, high-energy consump-
tion, among others. Currently, adsorption and catalysis processes are
being investigated for the photodegradation of dyes, which have
shown high potential to be used as alternative methods for sustainable
removal of dyes from environmental water [4].

Nanocomposites (NCs) based on graphene (Gr), biopolymers in-
cluding chitosan (CS) and magnetic particles have gained more atten-
tion owing to their potential to solve problems related to the
biomedical and environmental sectors [5,6]. Gr is a thin, two-
dimensional (2D) allotrope of carbon atoms bonded together in a re-
peating pattern of hexagons [7]. The hexagonal arrangements of carbon
atoms provide many extraordinary characteristics to Gr, including
transparency, lightweight, conductivity and mechanical strength [8].
Gr has been reported to be the strongest material in the world reported
to date [9]. In addition, Gr has been reported to possess unique features
such as high specific surface area, low cytotoxicity and good water sta-
bility [10]. Gr and Gr-based materials have shown tremendous potential
for applications in medicine and life sciences, including imaging [11],
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Scheme 1. Schematic representation illustrating the simple one-step synthesis of CS/Fe304 and Gr/Fe304/Cs NCs.

biosensors [12], drug delivery [13], photocatalysis [14] and antibacterial
activity [15].

Gr and iron oxide nanoparticles (NPs) combined with biopolymers
including CS have been attracting interests due to their relevance to
be used for biomedical applications including drug delivery [16], reso-
nance imaging (MRI) contrast agents [17], high gradient magnetic

field separations [18], treatment of retinal detachment [19], bio-
catalysis [20] and magnetic bio-separations [21]. Owing to their bio-
compatibility and low toxicity, magnetite (Fe30,4) nanoparticles (NPs)
are one of the most attractive candidates for use in clinical applications
[22]. Other attractive features of Fe30,4 NPs for use in biomedical appli-
cations include their superparamagnetic behaviour at room
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Fig. 1. (a) Powder XRD patterns obtained in the 26 range of 10 to 70°, (b) FTIR spectra in the wavenumber range of 4000 to 400 cm ! at a spectral resolution of 4 cm ™", (c) TGA curves and
(d) DTG analysis obtained from the first derivatives of the TGA curves for Gr, Fe304 NPs, CS/Fe30,4 NCs and Gr/CS/Fe30,4 NCs.
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temperature as well as their charged surface, which are important char-
acteristics that relate to their biological activity. Their initial surface
charge is, however, not constant in the presence of biofilms, leading to
Fe30,4 NPs with superparamagnetic behaviour with fairly similar surface
charges in situ [23].

CS is a biological and biocompatible macromolecule that has been
reported to improve the dispersion of iron oxide NPs [24]. Also, it has
been reported to enhance the photocatalytic degradation efficiency of
organic dyes [25]. In a previous study, graphene oxide (GO)/CS/Fe;04
NCs was found to be relatively efficient at removing methylene blue
(MB) molecules from wastewater. No other dye was, however, evalu-
ated [26]. Preethi et al. evaluated the photocatalytic reduction of
hexavalent chromium (Cr(VI)) using zinc oxide (Zn0O), zinc oxide im-
pregnated chitosan beads (ZCB) and chitosan/zinc oxide composite
(CZC) under UV light irradiation [27]. Mahalingam and Ahn reported
that GO-Fe304-NiO hybrid nanocomposites enriched the photocatalytic
activity of methyl red and crystal violet dyes under visible light for in-
dustrial wastewater treatment [28]. Studies that focus on evaluating
Gr/CS/Fe304 NCs as photocatalyst for a wide range of important dye
molecules are scarce. These NCs obtained by hydrothermal synthesis
could potentially result in much improved photocatalytic activity
when compared to GO/CS/Fe304 NCs that were synthesized by a low
yield co-precipitation method [16]. The main hypothesis of the work
is to present an investigation where a simple and efficient hydrothermal
method was utilized for the synthesis of CS/Fe;04 and Gr/CS/Fe;04 NCs.
The obtained samples were characterized by powder X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), thermogravi-
metric analysis (TGA), Raman spectroscopy, photoluminescence spec-
troscopy and scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDX). The potential of these
NCs for photocatalytic degradation of important dye molecules (Rh-B,
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BTB, MB and MO) was quantified against visible light by UV-visible
spectrophotometry.

2. Material and methods
2.1. Materials

Graphite powder (99.95%), chitosan (M,, = 310,000-375,000 Da;
degree of deacetylation >75%) and iron (III) chloride hexahydrate
(FeCl3-6H,0) were purchased from Sigma-Aldrich, Chile. 37 wt% hydro-
chloric acid (HCI), 98 wt¥% sulfuric acid (H,SO4), hydrogen peroxide
(H20,), potassium permanganate (KMnO,), hydrazine hydrate (NyHy4)
and absolute ethanol were purchased from Merck, Chile. All chemicals
were used as received without further purification. Deionized water
(dH,0) was used throughout this study.

2.2. Synthesis of graphene (Gr)

Graphite oxide was synthesized by using a modified Hummer's
method [29]. Briefly, 1 g of graphite powder was added to 80 mL of
H,S0,4 and stirred in an ice bath. After 30 min, 6 g of KMnO4 was slowly
added to the previous solution and stirred. Then, the ice bath was re-
placed by an oil bath (30-35 °C) and the solution was stirred magneti-
cally overnight. Then, 100 mL of dH,0 was slowly added and stirred
for 30 min. A mixture of H,0, (5 mL) and dH,0 (100 mL) was slowly
added to the previous solution and stirred for 10 min. The solution
was subsequently filtered using Whatman filter paper to recover the
graphite oxide. The precipitate was subsequently washed (3-4 times)
using HCI and then washed several times with dH,O until neutral pH
was reached. The synthesized graphite oxide was then dispersed in
dH,0 and sonicated for 4 h to obtain graphene oxide (GO). The dried
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Fig. 2. (a) Raman spectra in the Raman shift range of 100 to 2000 cm ™', (b) UV-DRS spectra wavelength range of 200 to 800 nm and (c) PL spectra wavelength range of 200 to 800 nm of Gr,

Fe304 NPs, CS/Fe304 NCs and Gr/CS/Fe304 NCs.
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Fig. 3. Low and high magnification FE-SEM micrographs of (a, b) Gr, (c, d) Fe304 NPs, (e, f) CS/Fe304 NCs and (g, h) Gr/CS/Fe304 NCs.

GO powder was dispersed in 90 mL of dH,0 (10 mg/mL) and further
sonicated for 30 min. Then, 30 pL of N,H4 was added to the solution
and the resulting mixture was stirred for 3 h at 80 °C to obtain finally
graphene (Gr).

2.3. Synthesis of Fe304 NPs, CS/Fe30,4 and Gr/CS/Fes04 NCs

Gr/CS/Fe304 NCs were synthesized as follows. Briefly, 13.6 mg of Gr
and 0.68 g of FeCls;-6H,0 were dissolved in 35 mL of ethylene glycol
(EG) to form a homogeneous solution. A mixture of NH4Ac (1.92 g)
and chitosan (0.68 g) was subsequently added to the above suspension
and dispersed for 1 h by sonication. Then, the resulting mixture was

transferred into a Teflon-lined stainless-steel autoclave (40 mL), heated
to 180 °C and kept at this temperature for 12 h. After cooling down to
room temperature, the obtained products were washed with dH,0
and ethanol and then dried in a vacuum at 65 °C for 12 h. For compari-
son, Fe304 NPs and CS/Fe304 NCs were prepared under the same exper-
imental conditions, without the use of CS and Gr, and Gr, respectively.

24. Characterization of Fes04 NPs, CS/Fe;0,4 and Gr/CS/Fe304 NCs
Powder XRD patterns of the synthesized samples were recorded

using a PANalytical X'Pert Pro diffractometer equipped with Cu-K,, radi-
ation (N = 1.54178 A). FTIR spectra were recorded using a Thermo
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Fig. 4. EDX analysis of (a) Gr, (b) Fe304 NPs, (c) CS/Fes04 NCs and (d) Gr/CS/Fe304 NCs.
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Scientific Nicolet iS10 spectrometer in the wavenumber range of 4000
to 400 cm ™! at a spectral resolution of 4 cm™'. TGA analysis (TA, Q50)
was performed using an air flow of 40 mL min~! at a heating rate of
20 °C min~! from 30 up to 800 °C. DTGA curves were obtained from
the first derivatives of the TGA curves as a function of temperature.
The structural morphology and chemical elemental analysis of the sam-
ples were assessed by scanning electron microscope (FESEM, Quanta
FEG250) coupled with energy-dispersive X-ray spectroscopy (EDX,
Ametax, Z1 analyser Z230). Raman spectra were obtained at room tem-
perature in the Raman shift range of 100 to 2000 cm™~! using a Raman
spectrometer (Alpha 300, Witec, Germany) equipped with an optical
microscope and a laser having a wavelength of ~532 nm. Solid-state
photoluminescence (PL) spectra were acquired at room temperature
using a fluorimeter (Perkin Elmer, LS 55). The UV-visible diffuse reflec-
tance spectra (UV-Vis DRS) were recorded using a spectrophotometer
(Shimadzu 2600).

2.5. Photocatalytic activity

The photocatalytic activity of CS/Fe304 and Gr/CS/Fe304 NCs against
Rh-B, BTB, MB and MO dyes was monitored in the visible light range
using a UV-visible spectrophotometer (Perkin Elmer, Lambda 11). In
each experiment, ~50 mg of photocatalyst was dispersed in 100 mL of
Rh-B, BTB, MB and MO aqueous solutions (1 x 10~> M). The suspension
was then magnetically stirred under dark condition for 30 min. The so-
lution was subsequently transferred to a flask and exposed to visible
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400 500 600 700
Wavelength (nm)

(c)

Absorbance (a.u.)

400 500 600 700
Wavelength (nm)

light radiation at a regular interval time of 10 min. The photocatalytic
degradation process was monitored by following intensity changes of
absorption peaks located in the visible light range at wavelength posi-
tions of ~550, 660, 430 and 465 nm corresponding to Rh-B, BTB, MB
and MO, respectively. Each test was conducted in triplicate.

3. Results and discussion
3.1. Characterization of CS/Fe304 and Gr/CS/Fe304 NCs

Scheme 1 reports an illustration of the single-step hydrothermal
method used to synthesis CS/Fe;04 and Gr/CS/Fe304 NCs. These were
subsequently characterized as follows. The powder XRD patterns of
Gr, Fe304 NPs, CS/Fe;04 and Gr/CS/Fes04 NCs are shown in Fig. 1a. The
XRD pattern of Gr displays a strong diffraction peak located at a diffrac-
tion angle position of 26 = 21.6°. This diffraction peak corresponds to
the (111) plane of Gr. The XRD pattern of Fe304 NPs shows diffraction
peaks located at diffraction angle values of 26 ~30°, 35°, 43°, 53°, 56°
and 62°. These correspond to the diffraction planes of (102), (311),
(400), (422), (511) and (440), respectively. The XRD pattern of Fe304
NPs further shows that the NPs are spherical and the related planes
highly agree with the JCPDS Card No: 019-629 [30]. In the diffraction
pattern corresponding to CS/Fes04 NCs, one can clearly observed the
diffraction peaks occurring due to the presence of Fe304 NPs [31]. The
powder XRD pattern corresponding to the CS/Fe304 NCs confirms the
presence of CS due to the presence of a diffraction peak located at a
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Fig. 5. Time dependent UV-visible absorption spectra obtained in the wavelength range of 400 to 700 nm for Rh-B treated with (a) Fe;04 NPs, (b) CS/Fe304 NCs, (c) Gr/CS/Fe304 NCs and
(d) photocatalytic degradation of Rh-B in the presence of Fe;04 NPs, CS/Fe304 NCs and Gr/CS/Fe304 NCs.
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diffraction angle position 20 of ~19°. This suggests that the CS macro-
molecules are bounded to the surface of Fe304 NPs. The powder XRD
pattern of Gr/CS/Fes04 NCs displays the typical diffraction peaks of
Fe304 NPs, CS and Gr. One can observe that the diffraction peak corre-
sponding to the crystalline phase of CS is slightly shifted from a diffrac-
tion angle 26 value of ~19° to 18°. The intensity of this peak is found to
decrease upon the addition of Gr into the CS/Fe304 NCs. The crystallinity
of CS is determined by the intramolecular and intermolecular hydrogen
bonds of its tertiary structure [32,33]. Researchers found that the crys-
tallization of CS is enhanced by the presence of hydrogen bond breaking
compounds [34,35]. In a previous study, Gr was found to affect the crys-
tallization of CS, acting as nucleating agent [36,37]. Changes in hydrogen
bonding, however, can also lead to a change of CS crystallinity. The dif-
fraction peaks corresponding to Gr, CS, and Fe30, are clearly seen in the
XRD pattern of Gr/CS/Fe304 NCs. This suggested that CS and Fe304 NPs
were successfully deposited onto the Gr surface (Scheme 1). The pow-
der XRD pattern does not show any other additional peaks other than
the ones corresponding to Gr, CS, and Fe304. This indicated that the
CS/Fes04 and Gr/CS/Fes04 NCs are free of crystalline or semi-
crystalline impurities.

The FTIR spectra of Gr, Fe304 NPs, CS/Fe304 and Gr/CS/Fe304 NCs are
shown in Fig. 1b. The FTIR spectrum of Gr exhibits characteristic absorp-
tion peaks located at a wavenumber of ~3339 cm™ . This peak is related
to the vibrational motions of

OH moieties. Two other absorption peaks are located at wavenum-
ber positions of ~1711 and 1592 cm™'. These are related to the
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vibrational motions of (=0 and NH, groups, respectively. The peak lo-
cated at a wavenumber position of ~1034 cm™! corresponds to the vi-
brational motions of C—O0—C [38]. The FTIR spectrum of Fe;04 NPs
shows characteristics absorption peaks related to the vibrational mo-
tions of OH groups. These peaks were found to be located at wavenum-
ber positions of ~3362 and 1586 cm ™. A relatively strong absorption
peak associated to the vibrational motions of Fe—O bonds was found
to occur at a wavenumber position of ~539 cm™! [39]. The FTIR spec-
trum corresponding to CS/Fe304 NCs is similar to the spectrum observed
for Fe304 NPs. One can observe, however, a slight shift and increased in-
tensity for the peak located at a wavenumber position of ~3270 cm ™!
that relates to the vibrational motions of OH moieties. The peaks located
at wavenumber positions of ~1711, 1592 and 539 cm™', related to the
vibrational motions of C—H, (=0, (=0, NH, and Fe—O groups, are
also observed as reported for the FTIR spectrum of Fe304 NPs. One can
also observe that the intensity of the absorption peak located at a wave-
number position of ~1034 cm ™!, corresponding to the vibrational mo-
tions of C—O—C, increases in the case of CS/Fe;04 NCs. An absorption
peak occurring due to the stretching motions of C—H moieties and lo-
cated at a wavenumber position of ~2872 cm ™! appeared only in the
spectrum corresponding to CS/Fe304 NCs, very likely due to presence
of CS in the NCs. Comparable absorption peaks corresponding to the vi-
brational motions of 0—H, C—H, (=0, C=0, —NH, and C—0—C moi-
eties are observed in the spectrum of Gr/CS/Fe304 NCs, similarly to the
CS/Fe304 NCs spectrum. When compared to the spectrum of CS/Fe;0,4
NCs, one can observe that the intensity of the absorption peak located
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Fig. 6. Time dependent UV-visible absorption spectra obtained in the wavelength range of 200 to 700 nm for BTB treated with (a) Fe304 NPs, (b) CS/Fe304 NCs, (c) Gr/CS/Fe;04 NCs and
(d) photocatalytic degradation of BTB in the presence of Fe304 NPs, CS/Fe304 NCs and Gr/CS/Fe304 NCs.
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at a wavenumber position of ~539 cm™! related to the vibrational mo-
tions of Fe—O bonds increases in the Gr/CS/Fe304 NCs spectrum, possi-
bility due to the addition of Gr. This change in peak intensity suggests
the formation of CS/Fe304 NCs onto the surface of Gr, following its par-
tial reduction [40-43].

TGA of Gr, Fes04 NPs, CS/Fe304 NCs and Gr/CS/Fe504 NCs was per-
formed to study their thermal stability and binding conformation ability
of Fes04 NPs, CS/Fe304 NCs onto the surface of Gr. Their corresponding
spectra are reported in Fig. 1c. The TGA curve of Gr showed a typical
weight loss upon increasing temperature. The weight loss was found
to be relatively small, which suggests that the Gr material is highly
pure. The weight loss occurring at ~207 °C can be attributed to the de-
composition of functional labile oxygen group present at the surface of
Gr [44]. The total weight loss of Gr was found to be ~67%. The TGA
curve of Fe304 NPs showed two weight loss stages with cumulative
temperature. The first stage of weight loss is reached at ~304 °C with a
corresponding weight loss of ~3% probably due to the loss of free
water. The second weight loss was found to occur at ~633 °C with a cor-
responding weight loss of ~1.1%, which can be attributed to the loss of
more tightly bound water molecules. The TGA curve of CS/Fe;04 NCs
showed two stages of weight loss upon increasing temperature. The
first weight loss occurred at ~315 °C due to the thermal decomposition
of amine and —CH,OH groups present along the molecular structure of
CS [45]. The second weight loss was found to occur at ~721 °C. This can
be attributed to the thermal degradation of Fes04 NPs [46]. A total
weight loss of ~65% was observed for CS/Fe;04 NCs. Likewise, the TGA
curve of Gr/CS/Fe304 NCs shows a two stage weight loss. The tempera-
ture at which these weight loss stages occurred are shifted to higher
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temperature, very likely due to the presence of Gr. When compared to
the total weight loss of CS/Fes04 NCs (~65%), the total weight loss for
Gr/CS/Fe304 NCs was found to be ~62%. This suggests that the synthe-
sized Gr/CS/Fe304 NCs possess higher thermal stability compared to
Fe304 NPs and CS/Fe504 NCs at temperatures close to 720 °C. At lower
temperatures, no significant difference was observed when comparing
CS/Fe304 NCs and Gr/CS/Fe304 NCs.

DTGA curves of Gr, Fe304 NPs, CS/Fe;04 NCs and Gr/CS/Fe;04 NCs are
reported in Fig. 1d. These confirm that polar groups interact with water
through hydrogen bonding. The two peaks of the DTGA curves of Gr
confirmed that the thermal degradation of organic compounds occurred
at ~202 °C. The DTGA curve of Fe304 NPs shows degradation tempera-
ture peaks at ~331 °Cand 630 °C, corresponding to the thermal degrada-
tion of amine and primary alcohol as well as their carbonization
temperature, respectively. CS/Fes04 NCs shows DTGA temperature
peaks located at ~59 °C, 315 °C, 721 °C, which correspond to the thermal
degradation of amine and —CH,OH present within the molecular struc-
ture of CS and the thermal degradation of Fe;04 NPs. Furthermore, this
suggests that the arrangement of CS onto the surface of Fe304 NPs de-
creases their thermal stability [47-49]. The DTGA curve of Gr/CS/Fe50,4
NCs depicts that the thermal degradation peaks are similar to the
peaks of CS/Fe304 NCs. These, however, slightly shifted to lower temper-
atures. As a result, Gr/CS/Fe304 NCs that possess relatively good thermal
stability were successfully synthesized.

Raman spectroscopy is a relevant technique to provide information
about the chemical structure of carbon-based materials, including Gr
[50]. Raman spectra of the Gr, Fe304 NPs, CS/Fe304 NCs and Gr/CS/
Fe304 NCs are reported in Fig. 2. The spectrum of Gr sheet shows the
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Fig. 7. Time dependent UV-visible absorption spectra obtained in the wavelength range of 400 to 800 nm for MB treated with (a) Fe304 NPs, (b) CS/Fe304 NCs, (c) Gr/CS/Fe304 NCs and
(d) photocatalytic degradation of MB in the presence of Fe304 NPs, CS/Fe304 NCs and Gr/CS/Fe304 NCs.
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presence of the typical D band located at a Raman shift position of
~1050 cm ™! and the typical G band located at a Raman shift position
of ~1219 cm™". These bands may be attributed to the sp3 defects and
in-plane vibrations of sp2 bonds that link together carbon atoms, re-
spectively [51]. The intensity of the D and G bands provides information
on the morphological alterations of carbon-based materials [40]. The
Raman bands corresponding to Fe;04 NPs are located at Raman shift po-
sitions of ~215, 287,393,602 and 1300 cm ™. These are occurring due to
the typical vibrational modes of Fe;04, NPs. The peak observed at
~1300 cm™ ! confirms the presence of magnetite [52]. With the excep-
tion of the presence of an additional band observed at a Raman shift po-
sition of ~1581 cm ™, all the Raman bands of CS/Fe;04 NCs are similar to
the Raman bands of Fe304 NPs. The observation of this additional band
may be attributed to the presence of CS. The Raman spectrum of Gr/CS/
Fe304 NCs showed, however, a slight increase in intensity and shift to-
wards higher wavenumber for the D and G bands, which Raman shift
positions were found to be ~1324 and 1592 cm™ !, respectively. More-
over, the intensity of the Raman bands corresponding to Fe;04 NPs
was found to decrease. The Raman band corresponding to CS could
not be detected for CS/Fe304 NCs, possibly due to the presence of Gr.
The intensity of the D band, however, is higher when compared to the
G band for the Gr/CS/Fes04 NCs indicate the occurrence of sp3 defects
during the functionalization procedure of the exfoliated Gr [53].

The UV-Vis diffuse reflectance spectra of Gr, Fe304 NPs, CS/Fe304
NCs and Gr/CS/Fe304 NCs are shown in Fig. 2b. The spectra of Gr and
Fe304 NPs show absorption bands in the UV range positioned at wave-
length of ~290 nm and ~373, ~482 nm, respectively. A slight blue shift
from ~376 nm to ~373 nm and red shift from ~478 nm to ~482 nm
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can be observed upon the addition of CS and Gr in the Fe304 NPs, as
depicted by the spectra of CS/Fe304 NCs and Gr/CS/Fe304 NCs. This
may suggest that CS/Fe;04 NCs are located onto the surface of Gr sheets.
The PL spectra of the Gr, Fe304 NPs, CS/Fe304 NCs and Gr/CS/Fe304 NCs
are reported in Fig. 2c. The PL spectrum of CS/Fe304 NCs and Gr/CS/
Fe30,4 NCs clearly show an extensive yellow-green emission peak with
a relatively broad position ranging from ~440 to ~505 nm centred at
~460 nm. This has been reported to be mostly occurring due to oxygen
space in Fe304 NPs arrangement [54]. The PL spectrum of Gr/CS/Fe;04
NCs was found to shift towards a lower wavelength when compared
to pure Fe;04 NPs. This has been reported to be due to the excellent
electron contributing nature of Fe304 NPs and outstanding electron
accepting nature of Gr. The decreased intensity of Fe;04 NPs could be at-
tributed to electron transfer from Fe;04 NPs to Gr [55]. The remarkable
electron free movement has been found to reduce the recombination of
photo-created electron-hole pairs [56]. Due this special ability, Gr/CS/
Fe304 NCs could potentially show better photocatalytic action than
Fe304 NPs and CS/Fe30,4 NCs.

The surface morphology of Gr, Fe304 NPs, CS/Fe304 NCs and Gr/CS/
Fe304 NCs were examined by FE-SEM as shown in Fig. 3. Fig. 3a, b
show the surface morphology of Gr, which appears as a sheet-like struc-
ture. SEM images of Fe304 NPs show sphere-like morphology (Fig. 3c,
d) with homogeneous surface morphology. Similarly, CS/Fe304 NCs
also show a sphere-like morphology with their surface coated with CS
(Fig. 3e, f). The Fe304 NPs present in the CS/Fe304 NCs are comparatively
smaller in size compared to the Fe;04 NPs obtain without CS. They also
seem to possess a smoother surface, possibly due to addition CS onto
their surface (Fig. 3f). The Gr/CS/Fe;04 NCs were found to possess a
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Fig. 8. Time dependent UV-visible absorption spectra obtained in the wavelength range of 200 to 700 nm for MO treated with (a) Fe304 NPs, (b) CS/Fe304 NCs, (c) Gr/CS/Fe;04 NCs and
(d) photocatalytic degradation of MO in the presence of Fe304 NPs, CS/Fe304 NCs and Gr/CS/Fe;04 NCs.
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similar morphology as CS/Fe;04 NCs located at the surface of Gr sheets
(Fig. 3g, h). Fig. 3h shows very clearly that CS/Fe304 NCs coat the surface
of Gr sheets. Additionally, CS/Fe304 NPs seem to coat both sides of Gr
sheets due to the occurrence of hydroxyl and carboxylic functional
groups on both sides of the Gr sheets [57]. Another interesting observa-
tion is the surface roughness of the Fe304 NPs, which might contribute
to increasing specific surface area and as a result could favour their ad-
sorption behaviour [58]. The present study, however, do not provide di-
rect evidence for this.

The chemical composition of the synthesized Gr, Fe304 NPs, CS/
Fe304 NCs and Gr/CS/Fe;04 NCs was assessed by EDX spectroscopy.
The corresponding spectra are displayed in Fig. 4a-d. The EDX spectrum
of Gr sheet suggests a chemical composition of 100% of atomic mass of
carbon (C) (Fig. 4a). From Fig. 4b, it is clear that Fe;04 NPs are consti-
tuted of 43.16% of oxygen (O) and 56.84% of iron (Fe). CS/Fe304 NCs
were found to possess 30.06% of C, 23.38% of O and 46.55% of Fe
(Fig. 4c) and the Gr/CS/Fe304 NCs 41.07% of C, 18.43% of O and 40.05%
of Fe (Fig. 4d). The synthesized Gr, Fes04 NPs, CS/Fes04 NCs were
found to be free from additional elemental impurities, suggesting that
high purity materials were obtained through this simple hydrothermal
synthesis method.

3.2. Photocatalytic activity

The efficiency of the synthesized Fe;04 NPs, CS/Fe304 NCs and Gr/CS/
Fe304 NCs towards the photocatalytic degradation of Rh-B, BTB, MB, and
MO dye molecules was assessed in aqueous conditions against visible
light. The spectrum of blank samples that contain individual Rh-B, BTB,
MB, and MO dyes show absorption peak in the visible region located at
wavelength of ~665, 465, 435 and 555 nm. The photocatalytic degrada-
tion of Rh-B, BTB, MB, and MO dye molecules in solution in the presence
of synthesized Fe;04 NPs, CS/Fe;04 NCs and Gr/CS/Fe;04 NCs was evalu-
ated for 24 h at 15 min interval. It is obvious from the results that the in-
tensity of the absorption peak of Rh-B, BTB, MB, and MO dye molecules
decreased upon increasing irradiation time. The time requirement for
the complete degradation of these dyes is, however, different.

Particularly, 100% of Rh-B dye molecule was degraded at irradiation
times of 110, 90, 40 min in the presence of Fe304 NPs, CS/Fe304 NCs and
Gr/CS/Fe304 NCs, respectively (Fig. 5a—c). Fe304 NPs, CS/Fe304 NCs and
Gr/CS/Fe304 NCs fully degraded the BTB dye molecules at respective ir-
radiation times of 120, 100, 60 min (Fig. 6a-c). These removed the MB
dye molecules at irradiation times of 160, 140, 80 min, respectively
(Fig. 7a-c). Fe304 NPs, CS/Fe304 NCs and Gr/CS/Fe304 NCs, however,
took more prolonged time to degrade the MO dye molecules and their
corresponding irradiation times are 180, 150, 100 min (Fig. 8a-c).

The corresponding images of photocatalytic degradation of Rh-B,
BTB, MB, and MO dye molecules in the presence of Fe304 NPs, CS/
Fe304 NCs and Gr/CS/Fe304 NCs under visible light irradiation are
shown in Figs. 5d, 6d, 7d and 8d. The synthesized Gr/CS/Fe304 NCs
were found to be twice more efficient at degrading completely all tested
dyes compared to CS/Fe304 NCs and Fe304 NPs. Moreover, the photocat-
alytic degradation efficiency rate was found to decrease in the following
order Rh-B>BTB > MB > MO in the presence of Fe304 NPs, CS/Fe304 NCs
and Gr/CS/Fes0,4 NCs. It is possible that the CS/Fe;04 NCs decorated on
both sides of Gr sheets may have increased their specific surface area,
which resulted in enhanced degradation of dye molecules. No direct ev-
idence for this is, however, provided in the present study. The composi-
tion of the synthesized NCs possesses a majority of Fe(Il) that can easily
capture dye molecules and act as major catalytic specie in the photocat-
alytic reactions. Furthermore, the —OH radicals produced during the re-
action may have positively influenced the degradation process. The
negatively charged surface of Gr/CS/Fe;04 NCs may reduce the nega-
tively charged of the dye molecules, leading to an increased photocata-
lytic removal efficiency.

The good photocatalytic behaviour may be attributed to the conduc-
tive bonding of CS/Fes04 NCs on the Gr, which may lower the

recombination of photocreated electron-gap pairs. This mechanism
may be responsible for the enhanced degrading efficiency of Gr/CS/
Fe;04 NCs compared to Fe304 NPs, CS/Fe304 NCs. During the photocata-
lytic process, the dyes were transformed into reactive, unstable inter-
mediates and mineralized to colourless compounds. Overall, the Gr/
CS/Fe304 NCs required 40 min (Rh-B), 60 min (BTB), 80 min (MB) and
100 min (MO) for their complete degradation. The growing order of
the efficiency of the complete removal of dye are Fe304 NPs < CS/
Fe304 NCs < Gr/CS/Fe304 NCs. Electron-hole pairs in the excited Fe304
could be efficiently detached to enable an effective change into photo-
induced electrons from Gr sheet to Fe304 NPs [59]. This essential elec-
tron transfer mechanism may play a vital role in the elimination of
these dye molecules [60]. The efficiency of the photocatalytic response
depends on the effectiveness of the adsorption of unprocessed organic
impurities on the catalysts and the route of excruciating photo-
created electron-hole pairs [61]. As a result, the enhanced photocata-
lytic activity of Gr/CS/Fes04 NCs could play an important role to solve
dye related environmental problems.

Based on our results, some of the works reported previously in the
literature and related to our studies are discussed. The photocatalytic
degradation efficiency of Fe;0,/GO nanocomposites against
rhodamine-B was found to be 93.5% at an exposure time of 190 min
[62]. The photocatalytic degradation of Fe304/rGO nanocomposites
against methylene blue and Rh-B were found to be 99% and 95% at ex-
posure times of 90 and 120 min under direct sunlight irradiation [63].
Adsorption capacity (not based on photocatalysis) for methylene blue
dye molecule was 98% using Gr/Fe304/CS nanocomposites during
90 min irradiation [14]. Tran et al. documented the photocatalytic
decolourization of methylene blue dye molecules using GO/CS/Fe30,4
obtained by a co-precipitation method as adsorbent [16]. All samples
were converted colourless after 40 min. This demonstrated the impor-
tance for the presence of GO to improve adsorption ability of GO/CS/
Fe;04 nanocomposites. Mahalingama and Ahn established that the pho-
tocatalytic efficiency of rGO-Fe304-NiO hybrid nanocomposite against
methyl red and crystal violet dye molecules was 87% within 300 min
under visible light irradiation [28]. As a result, the Gr/Cs/Fe304 NCs syn-
thesized in the present study possess a very efficient photocatalytic ac-
tivity against a wide range of dye molecules, demonstrating their
relevance for environmental remediation application.

4. Conclusions

Fe304 NPs, CS/Fe304 NCs and Gr/CS/Fe;04 NCs were synthesized via
a hydrothermal method. The characterization of Gr/CS/Fe304 NCs sug-
gested a moderately uniform distribution of CS-coated Fe304 NPs lo-
cated onto the surface of graphene sheet. Powder XRD diffractograms
and Raman spectra indicate a strong assembly between CS, Fe304 NPs
and Gr sheet in the final NCs. FE-SEM micrographs showed that the syn-
thesized Fe304 NPs, CS/Fe304 NCs and Gr/CS/Fe304 NCs possess sphered
Fe30,4 NPs uniformly dispersed at their surface. Gr/CS/Fe304 NCs were
found to possess multifunctional photocatalytic activity showing high
efficiency against Rh-B, BTB, MB, MO dye molecules when compared
with Fe304 NPs, CS/Fe304 NCs. The Rh-B molecules were completely de-
graded within short time period (40 min) when compared to BTB, MB,
MO dye molecules in the presence of Gr/CS/Fe304 NCs. CS and Gr pres-
ent in the NCs could act as an adsorbent and dispersing agent as well as
electron reservoir to trap electrons from Fes04 NPs due to exposure to
visible light, possibly delaying the electron-hole pair recombination.
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