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Abstract

The development of active and stable heterogeneous Fenton-like catalysts have emerged as an
alternative to overcome the practical limitations related to the homogeneous Fenton catalyst, where
various iron species and/or iron oxides are immobilised within the structure of different catalyst
supports. Clay, alumina, zeolite and carbonaceous materials such as activated carbon and carbon
nanotubes have been used as catalyst supports of choice by the scientific community. However,
there is a knowledge gap associated with using high aspect ratio 2D (dimension) graphene oxide
(GO) as an alternative catalyst support. Of particular interest, it is postulated that the structure and
functionalities of GO as a support confers to the resultant catalyst overall catalytic activity beyond
the conventional Fenton catalysts. In this thesis, the structural and physicochemical properties of
resultant catalyst with their corresponding catalytic activity were systematically investigated. To
this end, the synergistic interaction between GO and immobilised iron oxide nanoparticles (FezO4
NPs) was proposed for an oxidative degradation of synthetic dye acid orange 7 (AO7), which is a

major water pollutant from textile production.

The GO—Fe304 nanocomposites were initially synthesised through a facile one-pot method by co-
precipitating irons salts onto GO sheets in a basic solution. The formation of GO-Fe30s was
postulated as follows: (i) Fe**/ Fe?" ions are adsorbed and coordinated by the carboxyl groups
(C=0) of GO sheets, (ii) hydrolysed ions form nanoclusters on GO sheets when NaOH is
introduced, (iii) followed by condensation of the nanoclusters to form FesO4 nuclei, and (iv) further
nucleation and growth of FezOa crystallites on GO sheets were due to the redox reaction as the pH
is increased to 10. The incorporation of GO led to an enhancement on the catalytic activity of the
nanocomposites with 76% AO7 removal over the control catalysts of FesOs NPs and GO sheets,
which corresponds to 48 and 22%, respectively.

Further improvements on the catalytic activity of GO—FesOs were performed by modifying the
synthesis through pre-hydrolysing iron salts prior to GO addition at pH 4 with various GO loadings.
The key finding of this new method is the formation of two sets of different mesoporous structure.
At low GO loadings <10 wt%, GO—Fe304 nanocomposites resulted in high surface area up to
409 m? g%, in tandem with high 92-98% degradation of AO7. By contrast, GO loadings >10 wt%
led to reduced surface area and lower GO-Fe304 activity (60%). The presence of strong interfacial
interactions (Fe—O—C bonds) in the nanocomposites contributed to the superior degradation of
AO7, in tandem with structural-morphological features.



i
The operational conditions of heterogeneous Fenton-like reaction were evaluated and modelled as a
function of nanocomposites dosage, pH, temperature, oxidant and dye concentrations. Best results
showed a fast 80% degradation in ~20 min, whilst ~98% of AO7 was successfully removed after
180 min of reaction time. Optimal conditions were determined for nanocomposites
(GO(5wt%)—Fes0s4) at the catalyst dosage of 0.2 g L%, initial pH of 3 and 22 mM of H,0;
concentration at 298 K. The kinetics for the oxidative degradation of AO7 was found to be a

pseudo-first-order reaction following the Langmuir-Hinshelwood mechanism.

A noteworthy finding was the high activity (>98%) and recyclability of GO-Fe304 over 7 cycles
whilst the FesO4 NPs exhibited a severe loss of activity (~0%) at the 5™ cycle. It was found that the
ratio of Fe3*/Fe?* for GO—Fe304 remained almost constant over the 7 cycles, contrary to FesOs NPs
which underwent a significant Fe?* decrease. The synergistic effect of GO in the GO-Fe3O4
nanocomposite was able to accelerate the =Fe®*/=Fe?* redox cycles for the fast reduction of =Fe3* to
=Fe?* which is actively participating in the decomposition of adsorbed H20, into HO" radicals
during catalysis. The X-ray photoelectron spectroscopy (XPS) analysis of spent GO—Fe304 showed
that the sp? carbon domains (C=C) slightly decreased after every cycle, thus suggesting some
degree of oxidation of the carbon basal plane. It is therefore postulated that the unusual stability in
the GO-Fe30; is attributed to a donor-acceptor mechanism of the nanocomposites, in which the
electrons donated from the oxidation of the GO are used for the regeneration of =Fe?* and thus

maintaining the Fe3*/Fe?* ratio.

Finally, the partial substitution of zinc (Zn) into FesOs in the presence of GO was investigated, in
view of the UV photocatalyst properties of zinc oxides. A slight change on the physicochemical
properties of GO—Fes.xZnxO4 lead to an increase in photocatalytic activity, where x=0.2 gave the
higher degradation of AO7 in the UV-assisted Fenton-like reactions at 60 min reaction. It was
found that the activity of the catalyst without GO always gave lower values ~30% of AO7 removal.
Therefore, GO has proven again its beneficial use as an active component in the case of UV-
assisted Fenton-like reaction as well.
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Chapter 1

Introduction

1.1  Background

Dye contaminated wastewaters are a matter of global concern on water environment. In fact, the
World Bank estimates that 17 to 20% of industrial water pollution emanates from textile dyeing and
treatment processes [1]. As regulations become more stringent, the need for efficient treatment of
these contaminants is imperative prior to discharge into natural water bodies. Advanced oxidation
processes (AOPs) have been considered as a robust and efficient alternative for treating the dye
contaminated wastewater when the common treatment processes, such as sedimentation, flocculation,
adsorption and membrane filtration are insufficiently effective [2-5]. AOP processes are based on the
generation of highly reactive hydroxyl radicals (HO®, oxidation potential Eo up to +2.8V) to
decompose persistent organic pollutants (i.e. dyes) [6]. The HO* radicals are generated in situ via
chemical oxidation using either ozone and/or hydrogen peroxide (H202) with or without radiation
assisted sources such as thermal, ultrasonic, ultraviolet and visible lights.

Among these AOPs, oxidation using Fenton or Fenton-like reaction has been proven to be a promising
approach due to the simplicity of the reaction operation coupled with an environmentally benign
process. This is mainly attributed to the generation of HO* radicals that enable oxidation of dyes
efficiently and non-selectively [7, 8]. Nevertheless, the application of homogeneous Fenton or
Fenton-like reactions usually suffer from several drawbacks. These include the need of post-treatment
requirements prior to discharge as a result of iron hydroxide sludge formation which is considered as
secondary pollutant, narrow pH operational range between 2.5-3.5, and unattainable regeneration of

the catalyst which hampers the economic feasibility of this process [9-11].

Therefore, the development of heterogeneous Fenton-like catalysts emerged as a desirable alternative
to overcome these practical limitations related to the respective homogeneous reactions whilst
allowing for the heterogeneous catalysts to be reused in successive reaction cycles. In heterogeneous
catalysts, the iron species are immobilised on or within the structure of the catalyst’s support, such as
clay [12-16], alumina [17, 18], zeolite [19, 20], silica [21] and carbonaceous materials [22-25]. Thus,
the oxidation reactions mainly takes place at the solid-liquid interfaces, where the iron remains
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substantially in solid phase either as a mineral or as an adsorbed ion [22]. The use of carbonaceous
materials as a catalyst has been well proven due to its uniqueness in acting as a co-catalyst, such as
activated carbon (AC) [24, 26, 27], mesoporous carbon [28], carbon aerogel [24, 29], and carbon
nanotubes (CNTS) [22, 25, 30] that have been used as supports to immobilise the iron species for the

preparation of heterogeneous Fenton-like catalysts.

Despite having high catalytic performance for the removal of dyes (>90% removal) at the initial stage
of reaction, these heterogeneous catalysts endured deactivation [24, 29] in the consecutive reaction
cycles that are mainly ascribed to poisoning and/ or leaching due to dissolution of the iron species
from the catalysts [2, 31]. The deactivation translates into the reduction of the catalytic activity over
time. This is attributed to the instability of the supports which are intimately related to the dispersion
of iron species, the nature and properties of the carbonaceous materials, as well as the specific
interaction between active sites of the iron species and the supports itself [32]. Therefore, the selection
of suitable catalyst supports is crucial for the development of active and stable heterogeneous Fenton-
like catalysts.

Recently, Voitko et al. [33] reported that the derivative of graphene known as graphene oxide (GO)
was able to exhibit greater reaction rate stability over an extended number of cycles (n>8) than any
other carbonaceous material (AC, CNTs) for the decomposition of H20. in aqueous phase. This
stability was linked to the GO morphology and surface functionalities, which consist of copious
oxygenated functional groups present along the periphery and across the surface of the sheets
[34-36]. In principle, using GO as a catalyst support is therefore attractive to address the shortcomings
of current catalysts. Indeed there has been a limited number of reports in the literature for using GO
as a substrate for the immobilisation of iron species as heterogeneous (Fenton-like) catalysts for the
degradation of persistent organic pollutants [37-40]. However, none of these reports address the
question on the structural stability of GO supported-iron containing nanocomposites for the
heterogeneous Fenton-like reaction, which remains a gap in the literature. Instead, GO has been
studied based on the conducting m-states from sp? carbon domain within the large energy gap
(o-states) of sp® domain with oxygenated functional groups [41-43] and the changes between these

two domains may alter the inherent GO electronic properties [44, 45].

1.2 Scope and research contributions

Based on these gaps in the literature, this thesis focuses on the immobilisation of iron species onto
GO sheets for the heterogeneous Fenton-like reaction. This study aims to address the inherent

instability of conventional catalysts by investigating novel structures of GO supported-iron
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containing nanocomposites as heterogeneous Fenton-like catalyst. There is a need to understand how
the structural formation, or immobilisation of iron oxide nanoparticles (NPs) on GO can confer
structures with the beneficial destruction of dyes. Within this theme, this thesis endeavours to address
the synergies of structure and GO functionalities; knowledge required to understand the optimal
conditions in which the heterogeneous Fenton-like reaction can take place. A major hypothesis in this
thesis is that a stable catalyst is based on the synergetic structure and functionalities of the resultant
GO supported-iron containing nanocomposites. In this case, this thesis also endeavours to answer the
question related to the mechanism responsible for the attainment of catalytic stability under the
heterogeneous Fenton-like reaction. A last question to be addressed is to whether GO catalysis may
also enhance the UV-assisted catalytic activity of nanocomposites. Therefore, in order to address
these PhD questions, this thesis investigates the synthesis of GO-iron oxide (GO—Fe30a)
nanocomposites at different GO loadings. The resultant nanocomposites are extensively characterised
using nitrogen sorption, Fourier-transform infrared (FTIR), X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), field-
emission scanning electron microscopy (FESEM) and atomic force microscopy (AFM). In addition,
a comprehensive study on the performance of the GO—Fe304 nanocomposites as catalysts are carried
out under the heterogeneous Fenton-like reaction, and also the UV-assisted heterogeneous Fenton-

like reaction.
The key contributions to knowledge of this thesis include:

e The synergistic interaction between GO and Fe3Os NPs led to the formation of two distinct
structures with different catalytic activities. The best structure was found to be associated with
the beneficial intercalation of FesOs NPs between the GO sheets, which subsequently
favoured the high degradation of acid orange 7 (AO7; 92-98%) owing to the high surface area
and pore volume, which enhanced the mass transfer of reactants towards the active sites
(=Fe?*/ =Fe3") during catalysis.

e The catalytic performance in the heterogeneous Fenton-like reaction is stable over all tested
cycles based on the key finding that the Fe®*/Fe?" ratio of the GO—Fe304 was maintained
during the reactions contrary to that of FesO4 NPs. This vital property of the donor-acceptor
mechanism confers the spontaneous reduction of =Fe®** to regenerate into =Fe?* which is
actively participating in the decomposition of H20 into HO* radicals. This postulation was
further supported by another key finding related to electron transfer between GO and oxidised
active sites (=Fe*") via Fe—O—C bonds based on GO’s slight oxidation.

e GO also contributed significantly to the UV-assisted Fenton-like reactions. GO loaded

catalysts improved the oxidative degradation of AO7 by ~30% whilst the effect of containing
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photo-luminescent zinc as GO-FesxZnxO4 (0 < x < 0.4) provided minor catalytic activity

improvement only.

1.3 Structure of thesis

This thesis is written in the European style which is now endorsed by the University of Queensland,
whereby a collection of relevant publications is presented as part of the body in the thesis. A short
description of the corresponding chapters is presented as follows:

Chapter 1: Introduction

This chapter introduces the background of the thesis and outlines the scopes and key contributions to

the field of research.

Chapter 2: Literature Review

This chapter presents an overview and the recent progress in heterogeneous Fenton-like reaction and
catalysts, particularly those containing or based on Fe3Os. Carbonaceous supports and GO as an
alternative supports are also discussed, along with potential literature gaps.

Chapter 3: Graphene oxide-iron oxide (GO-Fe3Os4) nanocomposites as an alternative

heterogeneous Fenton-like catalyst

This chapter presents a postulated mechanism on the formation of GO-Fez04 nanocomposites and its
characterisation. The catalytic performance of GO—Fe304 nanocomposites were evaluated by taking
into account of their reactivity for the oxidation of AO7 as the model pollutant in the heterogeneous

Fenton-like reaction. This chapter was published in Science of Advanced Materials.

Chapter 4: Structural and functional investigations of GO-Fe3O4 nanocomposites

This chapter presents the detailed investigation of the structural-morphology and functionality
relationships of GO-Fe304 nanocomposites to correlate with their catalytic performances in
heterogeneous Fenton-like reaction with respect to different amounts of GO loading. Two sets of
different mesoporous structure were proposed based on the findings of the experimental works. This

chapter was published in Scientific Reports.
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Chapter 5: Optimisation of heterogeneous Fenton-like reaction using GO-FesOas

nanocomposites

This chapter presents the detailed investigation of the effect of different operational parameters of the
oxidative degradation of AO7 using GO—-Fe304 nanocomposites. This is then followed by performing
kinetic studies and validation of reaction mechanism to explain the rate of intrinsic chemical reaction
on the surface of active sites on the GO—Fe304 nanocomposites. This chapter was published in the

Journal of Environmental Chemical Engineering.

Chapter 6: Recyclability and longevity of the catalyst based on the synergistic effect of GO and
iron oxide in the heterogeneous Fenton-like reaction

This chapter presents the recyclability and longevity of the nanocomposites over seven consecutive
cycles of oxidative degradation. The underlying interactions between the catalyst (FesO4 NPs) and its
support (GO) were explored and explained based on the characterisation of both pristine and spent

nanocomposites at their respective cycles of reaction.

Chapter 7: Physicochemical characterisation and catalytic properties investigation of graphene

oxide with zinc partially substituted magnetite (GO—Fe3-xZnxO4) nanocomposites

This chapter presents the influence of GO when coupled with FesO4 and a photoluminescent catalyst
(zinc oxide) in both heterogeneous and UV-assisted Fenton-like reactions. The Fe3O4, Fes.xZnxO4 and
GO—Fe3-xZnxO4 nanocomposites were characterised and tested for the oxidative degradation of AO7
at various zinc molar ratios (x), in order to understand the physicochemical and catalytic properties
of the resultant materials, respectively.

Chapter 8: Conclusions and Recommendations

This chapter presents the major conclusions and recommendations for future work.
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Chapter 2

Literature Review

Abstract

This review examines the existing literature on the heterogeneous Fenton-like reaction, focusing on
catalyst type, preparation methods and performance. It starts by describing the motivation of
processing wastewater containing dyes which require degradation. The homogenous Fenton-like
reaction is then briefly addressed followed by a more comprehensive review of the heterogeneous
Fenton-like reaction in Section 2.3. It is observed at this point that there is a gap in the literature,
related to the need of catalysts with novel structures to be stable over several cycles. Out of several
potential candidates, graphene oxide (GO) warrants investigation as a novel catalyst support, and is
covered in Section 2.4. Coupling GO with iron oxides or other types of metal oxides for the
degradation of pollutants in water is also reviewed, though it is observed that there is still a gap to be
investigated related to GO plus metal oxides. Finally, a summary of the major findings and gaps in

the literature are discussed in Section 2.5.

2.1  Dye contaminated wastewater

Wastewater originating from textile dyeing processes consist of a wide variety of organic dyes, which
have a great influence on both environment and human health impacts due to their toxicity,
biodegradability and aesthetic aspects [1, 2]. It has been estimated that more than 7x10° tons of around
10,000 different commercial dyes and pigments are produced annually globally [3, 4]. In fact, the
World Bank estimates that 17 to 20% of industrial water pollution originates from textile dyeing and
treatment processes [5]. The dye molecules share some similarities in both chemical structure and
physical characteristics that mainly comprise of two key components, namely chromophores and
auxochromes [6, 7]. The chromophore refers to the part of the dye molecule which consists of
conjugated aromatic = bonds which are responsible for producing colours. Meanwhile, auxochrome
refers to the electron-withdrawing or electron-donating substituents attached to a chromophore that
not only supplement the chromophore by altering the overall energy of the electron system, but also

render the molecule soluble in water and enhances their affinity toward textile fibres.



Chapter 2 Page | 11
Approximately 60—70% of the global production of dyes are classified as azo dyes which consist of
one or more azo groups (Ri—N=N-R2) in the chromophoric component that is mostly substituted by
sulfonate (-SO3) and hydroxyl groups (—OH) [8, 9]. Among these azo dyes, well known acid orange
7 (AQ7) or orange Il (Figure 2.1a) represents more than half of the global azo dye production in the
textile manufacturing industry because of its low cost and high stability [10]. AO7 is an anionic
monoazo textile dye of the acid class which is resistant to light degradation, 0zone and common acids
or bases. AO7 consists of four absorbance bands as illustrated in Figure 2.1b [11]. The two main
absorption bands in the visible region, one centred at 484 nm and the other a shoulder at 430 nm,
correspond to the hydrazone and azo forms of the chromophore, respectively. The other two bands at
230 nm and 310 nm in the ultraviolet region are assigned to the adjacent auxochromes of benzene
and naphthalene, as shown in Figure 2.1a. Changes in absorbance peaks reflect the evolution of
AO7’s chromophore, allowing useful information to be obtained and monitored by UV-vis analysis
[11, 12].

SO3Na SO3Na
2.5
a) )
SO3Na 1
2.0 VoS M
OH Il o
Z
. 1l
c 1.54 | 0 min Azo form hydrazone form
3 20 min
N o 40 min
y D
N H g 1.0 60 min
(I) 80 min
100 min
0.5 120 min
0.0+ s
. T T T T 1
200 300 400 500 600

Wavelength (nm)

Figure 2.1: a) Molecular structure of AO7 and b) UV-vis spectral changes of AO7 in solution under

electrochemically assisted photocatalytic degradation as a function of irradiation time [11].

2.2 Homogeneous Fenton reaction

As regulations become more stringent, the treatment and discharge of dye contaminated wastewater
is highly regulated and compulsory. Various treatments such as physicochemical and biological

processes have been widely investigated [13-15]. Each of these treatments has its own advantages
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and disadvantages in the remediation of dye contaminated wastewater. Of the numerous treatments
available, considerable attention has been paid to advanced oxidation processes (AOPSs) due to their
attractive features, such as the production of highly potent and strongly oxidizing radicals which

allow for the destruction of a wide range of persistent organic compounds [2, 16, 17].

One of the most intensively studied AOPs is the process based on the Fenton reactions because of its
own unique advantages. These include simple operation, high degradation efficiency, and because
they employ environmentally benign chemicals that generate the highly reactive hydroxyl (HO®)
radicals which are able to oxidise dyes efficiently and non-selectively [8, 18, 19]. The active sites in
the Fenton process are derived from iron ions which serve as catalysts to decompose H20, molecules
into HO* radicals. The sequential steps that take place in the process of the classical homogeneous

Fenton reaction is shown in Equations 2.1-2.6 [20, 21].

Fe?" +H,0, — Fe% + HO" + OH - k, =76 M7s™ (2.1)
Fe** +H,0, » Fe* + HOO® + H* k, =0.001-0.01 Ms™ (2.2)
Fe?* + HOO® — Fe*" + HOO™ k, =1.3x10° Ms™ (2.3)
Fe* + HOO® — Fe?* +0, + H* k, =1.3x10° M?s™ (2.4)
H,O, + HO® — HOO" +H,0 K, =2.7%x10" Ms? (2.5)
HO" + organic compounds — intermediates — CO, + xH,O (2.6)

The reduction of iron (production of hydroperoxyl radicals (HOQO®), Equation 2.2) proceeds
considerably more slowly than the oxidation of iron (production of HO® radicals, Equation 2.1).
Therefore, the rate limiting step in the overall oxidation rate is mainly governed by the slow
regeneration of ferrous ions (Fe?*), which makes the homogeneous Fenton reaction unfeasible for
practical applications as the overall reaction slows down after the conversion of Fe2* to ferric ions
(Fe**). Moreover, the homogeneous Fenton and/or Fenton-like reactions possess severe limitations,
including: the necessity for post-treatment prior to discharge due to the formation of iron hydroxide
sludge; narrow operational pH range (2.5-3.5); and unattainable regeneration of catalyst that seems

to be uneconomical [19, 22].
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These limitations can be circumvented through the utilisation of heterogeneous solid catalysts which
can mediate the heterogeneous Fenton-like reaction by: (i) providing a second matrix phase to prevent
the Fe** ions from combining with the hydroxyl ions (OH") to form iron hydroxide sludge [23] and
(ii) to provide a sink to absorb an electron from a hydroxyl ion to generate HO® radicals [19, 23];
whilst having fast regeneration of Fe* jons to catalytically decompose H20 into HO* radicals during

catalysis.

2.3  Heterogeneous Fenton-like reaction

In the heterogeneous Fenton-like catalysts, various types of iron compounds are immobilised within
the structure and in the pore/interlayer spaces of different types of catalyst supports, such as silica
[24], clay [20, 25-27], alumina [28, 29], zeolites [2, 30] and carbonaceous materials [31, 32]. These
include complexes of iron with organic ligands or solid iron oxides as summarised in Table 2.1. The
decomposition of H2O> in the heterogeneous Fenton-like reaction follows Equations 2.7-2.8, where
= represents the iron species bound to the surface of the catalyst support. In principle, most of the
reactions occur at the solid-liquid interfaces, either at the surface of the support or in the pores of the
support, where the iron species remains substantially in the solid phase, either as a mineral or as an
adsorbed ion [33].

= Fe*" + H,0, —>=Fe* + HO" +OH~ 2.7)

= Fe* +H,0, >=Fe* + HOO" + H* (2.8)
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Table 2.1: Supported iron-containing nanocomposites on the oxidative degradation of dyes in the

heterogeneous and/ or UV assisted Fenton-like reactions.

Catalyst

Percentage of

Dyes Catalyst Conditions Refs.
support removal
pH 5; 1 g L catalyst;
Rhodamine B Fe-ligands  Silica 99% in 120 min 5 mg L dye; 19.6 mM H.0; [24]
30°C
Iron pH 3; 5 g L* catalyst;
Rhodamine B ¢omplexes  Slca 99%in30min  25mg L" dye; H,0z; 30 °C; [34]
P 50 W UVA
Iron pH 3; 0.7 g L™ catalyst;
Acidorange Il mplexes 13 99%in120min 70 mg Lt dye; 13mM Ho0z;  [27]
P 40 °C
pH 3; 5 g L catalyst;
Reactive Blue 4  Fe;03 Clay 99% in 140 min 50 mg L * dye: 4 mM HO:: [26]
30°C
i pH 3; 1 g L catalyst;
Acid orange |1 Egzgf gnd ;2'00”“9 99%in 120 min 70 mg L* dye; 9.6 MM H,05:  [35]
P B 25 °C; 8 W UVC
Bentonite 30% in 120 min/  pH 3; 1 g L ! catalyst;
Acid orange Il Fe-ligands cla 98% in 20 min 70 mg Lt dye; 10 mM H0z; [36]
Y (UV) 30 °C; 6 W UVA
i pH 3; 1.5 g L* catalyst;
?ggcwe Pl ::rc?; lexes 2eOlites  95%in60min 20 mg L dye; 10 MM HOz; 2]
P 30°C
Iron pH 3; 0.2 g L catalyst;
Acidorange Il o plexes  2e0lites 99%in 90 min  35mg L dye; 6 mM H,0»; [30]
P 30 °C
Iron pH 3.4; 1 g L™ catalyst;
Rhodamine 6G . '\ . Zeolites 99% in 90 min 100 mg Lt dye; 267 mM [37]
P H20,; 50 °C
i pH 3.5; 2 g L catalyst;
5React|ve black Fe20s Alumina 90% in 60 min 99 mg L dye; 5.9 mM H:O; [28]
15 W UVA
i pH 4.1; 0.2 g L™ catalyst;
5React|ve black Fe20s Alumina 99% in 600 min 100 mg L™* dye; 5 mM Hz05; [29]
25°C
Iron pH 3; 0.1 g L* catalyst;
Acidorange Il Carbon 99% in 240 min 35 mg L ! dye; 6 mM H,Oz; [31]
P 30°C
Iron pH 2.95; 5 g L catalyst;
Reactive Red complexes Carbon 99% in 30 min 56.8 mg L dye; 30 mM [32]

H>0O,; 50 °C
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Several recent studies have investigated different iron oxides and/ or iron hydroxides as
heterogeneous catalysts for the Fenton-like reactions, such as a-Fe.O3 [38-40], y-Fe203 [41, 42],
Fe304 [33, 43-49] and FeOOH [50-52]. Among these iron oxides and/ or iron hydroxides, the inverse
spinel FesO4 has been found to work efficiently as a heterogeneous catalyst in the heterogeneous
Fenton-like reaction, based on its high Fenton activity [46, 53, 54]. This is due to the fact that the
FesO4 possesses several unique features [46, 55-58] such as: (i) it contains both Fe?* and Fe3* in the
spinel structure, where the Fe?* occupies only the octahedral site whilst Fe3* are distributed equally
between both octahedral and tetrahedral sites, as illustrated in Figure 2.2; (ii) the presence of Fe?*
occupying the octahedral sites in the spinel structure plays a significant role in initiating the
decomposition of H20. into HO* radicals according to the classical Haber—\Weiss mechanism
(Equation 2.1) that can be represented by Equation 2.7; (iii) the accommodation of both Fe?* and Fe**
on the octahedral sites allowing the iron species to be reversibly oxidised and reduced without
structural change; and (iv) the iron ions in the spinel structure of FesO4 can be isomorphically
substituted with several transition metals which have various redox properties altering the catalytic
properties of the resulting materials. In addition, the FesO4 can be easily separated from the reaction

medium using an external magnetic field due to its inherent magnetic properties [59-61].

Figure 2.2: The spinel structure of FesO4. The green atoms are indicative to Fe?*, brown atoms are

Fe®* and white atoms are oxygen [61].
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However, the FesO4 particles and/ or nanoparticles (NPs) are prone to aggregation, forming
agglomerates, specifically due to strong anisotropic dipolar interactions in the aqueous phase. This
reduces their dispersibility and catalytic properties, which eventually diminishes their overall activity
[62]. In this regard, there is a need to immobilise these particles and/or NPs onto various supports for
the preservation of their unique properties. Immobilisation of FesO4 particles and/or NPs within the
structure of solid supports has emerged as another type of promising heterogeneous Fenton-like
catalyst in the past few years. In particular, the use of carbonaceous materials as the catalyst support
has been well proven because of its unique capability of acting as a co-catalyst [63, 64]. Various types
of carbonaceous materials such as activated carbons (AC) [65, 66], carbon aerogels [65, 67], carbon
microfibers [68], carbon spheres [69], mesoporous carbon [70], and carbon nanotubes (CNTSs) [71,
72] have been used as supports to immobilise the FesOa particles and/or (NPs) for the preparation of

heterogeneous Fenton-like catalysts as summarised in Table 2.2.

Most authors have considered the synergistic effect resulting from the adsorption properties of the
support, which enables the pre-concentration of pollutants to be oxidised within the vicinity of the
active sites which substantially enhances the catalytic activity of the carbon-based supported FesO4
nanocomposites. However, these nanocomposites also suffer from some degree of deactivation in the
successive cycles of reaction [65, 67], despite having high catalytic performance with more than 90%
removal rate of dyes obtained during the initial stage of reaction. This deactivation is mainly
attributed to the poisoning and/ or dissolution of the iron species from the supported catalyst into the
acidic medium (leaching) during catalysis [16, 65, 67, 73]. This manifests as a decrease of catalytic
activity for carbon-based supported FesOs nanocomposites over time due to the:
(i) instability of the supports, which is intimately related to the dispersion of immobilised Fez0s;
(ii) the nature and properties of the carbonaceous materials; as well as (iii) the specific interaction
between active sites of the Fe3O4 and the supports [74]. Hence, the need for more stable catalyst
supports is vital for the development of active and stable heterogeneous Fenton-like catalysts.
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Table 2.2: Carbon-based supported FesO4 nanocomposites on the oxidative degradation of dyes in

the heterogeneous and/ or UV assisted Fenton-like reactions.

Dyes %Zrtzzg?geous Colour removal  Conditions Refs.
. AC/ 98% in 200 min/  pH 3;0.2 g L ! catalyst; 35 mg L
Acid orange I Carbon aerogel  99% in 120 min dye; 6 mM H,O;; 30 °C [65]
o . pH 4.0; 2.5 g L catalyst; 50 mg L™
Methyl orange AC 55% in 90 min dye: 18 MM H;05; 30 °C [66]
. Carbon aerogel o . pH 3; 0.2 g L catalyst; 35 mg L
Acid orange Il 98% in 300 min/ dye: 6 MM H,0,: 30 °C [67]
Carbon pH 3.5; 1.0 g L ! catalyst;
Congo red microfibers 99% in 120 min 100 mg L ! dye; 50 mM H.0; [68]
30 °C, 15W UVC
Methylene o . 1g L catalyst; 10 mg L dye;
blue Carbon spheres  60% in 720 min 15 W UVA [69]
1-diazo-2-
naphthol-4- Mesoporous o . pH 5; 0.5 g L™ catalyst; 250 mg L
sulfonic carbon 94% in 120 min dye; 15 mM H;O,; 30 °C [70]
acid dye
Methylene o . pH 5.5; 0.3 g L catalyst; 10 mg L
blue CNTs 97% in 720 min dye: 400 MM H,0,: 25 °C [71]
. o . pH 3.5; 0.5 g L catalyst ; 87.5
Acid orange Il CNTs 94% in 30 min mg L dye: 15 mM H,0, [72]
. -1 . -1
Rhodamine B CNTSs 80%in120min  PH2 259 L catalyst; 10 mg L [75]

dye; 245 mM H,0., 4W UVA

2.4  Graphene oxide (GO) based nanocomposites/ hanocatalysts

A potential carbonaceous support that has been studied in a limited number of cases is GO. Voitko et
al. [76] have recently reported that the derivative of graphene known as graphene oxide (GO) has
demonstrated greater stability in preserving its catalytic activity over an extended number of cycles
(n>8) than any other carbonaceous material, including AC and CNTs for the decomposition of H20-
in aqueous solution. Such stability was inextricably linked to the GO morphology and surface
functionalities, which consists of copious oxygenated functional groups present along the periphery

and across the surface of the sheets [76-79] as presented in Figure 2.3.
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Figure 2.3: a) TEM image of GO b) Proposed structure of GO based on the Lerf—Klinowski model.
Hydroxyls and epoxide groups (pink) are the dominant functionalities on the basal plane. The edge

defects are unique sites for some oxygen functionalities (blue) [79].

There are two distinct regions [77-80] in the two-dimensional structure of GO as proposed by the
Lerf-Klinowski model (Figure 2.3b). The first region is predominately associated with the
sp? hybridised carbon domains (graphene-like) whilst the second region is ascribed to the highly
oxygenated functional groups, such as the hydroxyl and epoxide groups which are present on the
basal plane while the carbonyl and carboxyl groups are on the edges. The presence of these functional
groups allows GO sheets to be easily exfoliated in water or a polar solvent to yield stable dispersions.
In addition, GO acts as a weak acid cation-exchange resin because of the ionisable carboxyl groups,
which allow ion exchange with metal cations or positively charged organic molecules [81]. These
properties serve GO as a promising two-dimensional support to nucleate and anchor metal and/ or
metal oxide NPs on both edges and surfaces [82]. Besides its rich surface chemistry, GO also
possesses a heterogeneous electronic structure due to the presence of conducting n-states originating
from sp? carbon domains and the large energy gap between the o-states of the sp® domains connected
to the oxygenated functional groups [83-85]. Thus, the changes in carbon to oxygen (C/O) ratio may
modify the GO electronic properties from insulating to semiconducting [86, 87]. These unique
characteristics make GO a potential candidate as an alternative to carbocatalysts as well as supports

of immobilised active catalysts.
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2.4.1 GO as carbocatalysts

Owing to the inherent rich, chemical functionality and reactivity, strong acidity, and the high surface
area upon reduction, GO has been actively exploited as a carbocatalyst for various synthetic reactions
in the past few years. For instance, GO mediates the oxidation of various hydrocarbons [88], sulphides
[89] and olefins [90], aza-Michael additions [91], the hydration of alkynes [88], dehydration—
hydrothiolation of secondary aryl alcohols [92], reduction of nitrobenzene into aniline [93], Friedel-
Crafts addition of a,B-unsaturated ketones to indoles [94], and Strecker reaction of ketones to
synthesise oa-amino nitriles [95]. In fact, GO was able to show its stability without having any
detrimental loss in its catalytic activity in consecutive cycles of reaction. Table 2.3 summarises the

significant roles of GO in enhancing the overall catalytic performance of reactions.

Table 2.3: GO as carbocatalysts

Application Key performances Roles of GO Refs.

Oxidation of benzyl Benzaldehyde conversion  Enhanced reactivity was due to the
alcohol to >98% with 200 wt % GO  presence of oxygenated functional groups [88]
benzaldehyde at 100°Cin 24 h that facilitates the oxidation process

Enhance yield of f-amino

compounds; )
] ] The presence of oxygenated functional
Aza-Michael GO: 97% (5 min) o ) o
. ) groups activating the aza-Michael addition [91]
addition reaction Reduced-GO: 95% (30 )
) reaction
min)

Without GO: 96% (35 min)

Dehydration— ) ) . )
Enhance yield of thioether;  The reaction proceeded via:

GO: 74% (120 min) GO: acid-catalysed Markovnikov addition [92]
Graphite:77% (420 min) Graphite: anti-Markovnikov addition

hydrothiolation of
secondary aryl

alcohols
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Table 2.3: (Continued)

Application Key performances Roles of GO Refs.

) The Kobs increases up to 2 Enhanced electron transfer during the
Reduction of ) ) o )
) orders of magnitude; catalysis due to concomitant interactions
nitrobenzene to . ) i [93]
Na,S: 7.83 x10°h* between the zigzag edges (catalytic active

Na,S/GO: 7.77 x 102 ht sites) and basal plane of RGO (conductor)

aniline

) Enhance yield of
Friedel-Crafts

substituted indoles: The acidic characteristics of GO helps to
addition of a,[3- ) ] o

GO: 92% stimulate the Friedel-Crafts addition [94]
unsaturated ketones ] )

Activated carbon: 20% reaction

to indoles

Enhance yield of a-amino  Protonation of the carbonyl groups favours

) nitriles; the nucleophilic addition by amine that
Strecker reaction ) )
GO: 94% subsequent proceed with the dehydration [95]
of ketones . . ) o
Activated carbon: 5% of the amino alcohol in facilitating the
Silica: 10% formation of the a-amino nitriles

2.4.2 GO as catalyst support/ co-catalyst

In addition to its inherent reactivity, GO has also been utilised as a support to disperse and stabilise
metal and metal oxide NPs during heterogeneous catalysis in numerous catalytic applications [96-
108]. Based on the literature, it was found that GO played a key role over other carbon supports by
enhancing the overall catalytic performances through: (i) preventing the severe aggregation of metal
and/or metal oxide NPs by promoting good dispersion of NPs onto GO sheets [99, 103, 104]; (ii)
controlling the dispersibility of heterogeneous catalysts in aqueous solution based on unique solution
behaviour of GO [101, 105, 109]; (iii) increasing the absorptivity of targeted pollutants which have a
similar aromatic ring structure through n-7 interactions within the vicinity of the active sites to be
further oxidised/ reduced during the catalysis [110, 111]; (iv) extending the light absorption range
[112]; (v) efficient charge transportation and separation to prevent the direct recombination of
electrons and holes [87, 96, 113-115]; and (vi) inducing electronic perturbations in the metallic active
sites [109].
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The integration of GO and iron complexes or iron oxide NPs into a single composite has become a
hot topic of research in catalysis [108, 116-123], as it inherits the advantages of both component
materials. Of particular interest, the following paragraphs further discuss the current progress of GO
supported-iron containing nanocomposites as heterogeneous (Fenton-like) catalysts for the
degradation of persistent organic pollutants, specifically dyes. He et al. [120] investigated the
catalytic performance of graphene oxide—iron oxide (GO—Fe304) nanocomposites for the reduction
of nitrobenzene in the presence of hydrazine. The nanocomposites exhibited higher catalytic activity
by having completed reduction in 18 min with the yield of aniline close to 99% with higher turnover
frequency of 3.63 min™! than that of Fes04 NPs, in which 15% of the reactant still remained within
the same time, as shown in Figure 2.4a. This was due to the dispersion of FesO4 NPs on the surface
of the GO sheets (Figure 2.4b) instead of aggregating during the catalysis.

a),
a) B
- 20
Aniline Nitrobenzene §
d S0
; without catalyst s b Ly o
g “
[
o
= Fes0 ,, !
S bare €304
>
4 o 6 74 8

Retention time (min)

Figure 2.4: a) The GC analyses of the reduction of nitrobenzene in different reaction systems after
18 min and b) TEM image of GO-Fe304 nanocomposites [120].

Dong et al. [117] synthesised graphene oxide-Fe(l11) complexes (GO—Fe) via an acidic impregnation
method for the degradation of Rhodamine B dye (RhB) in both heterogeneous and photo Fenton-like
reactions. Ferric ions were found to be successfully coordinated with oxygen functional groups of
GO without having any formation of iron NPs derived from hydrolysis of ferric ions, as evidenced in
both FTIR and TEM-EDX analysis. Figure 2.5a presents the normalised concentration of RhB profile,
where nearly 38% of RhB degradation was attained in heterogeneous reaction within 120 min. In
contrast, the enhancement of RhB degradation was found to be almost 100% within 45 min of

irradiation, owing to the presence of sp? hybridised graphitic regions of GO that effectively facilitated
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electron transfer between GO and iron centres to form reactive oxygen radical species under such

conditions.
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Figure 2.5: The normalised concentration of RhB profile under different conditions. (a) 20
mg Lt GO-Fe, no H20; under visible-light irradiation; (b) 20 mg L™* GO, 2 mM H;O; under visible-
light irradiation; (c) 20 mg L™ GO—Fe, 2 mM H20; in the dark; (d) 5mg L and (e) 20 mg L™* GO-
Fe, 2 mM H.O; under visible-light irradiation at pH = 3 [117].

Moreover, Guo et al. [118] also investigated similar catalytic performance using a graphene oxide-
Fe203 (GO-Fe203) hybrid. Fe2O3 nanoparticles were deposited onto GO sheets by metal-carbonyl
coordination. The GO-Fe2Os exhibited 17% higher RhB degradation under the visible-light
irradiation over heterogeneous Fenton-like reactions (£80%) after 80 min. The degradation was
mainly attributed to heterogeneous reaction whereas the leached iron (3.98 mg L) contributed only
40% of RhB degradation within the same time period (Figure 2.6a-curve g). This hybrid catalyst also
demonstrated a broad applicability in pH range from 2.09 to 10.09 and stable photocatalytic activity
without having any significant loss in performance (RhB removal of more than 90%) even after
undergoing seven cycles of oxidative reaction (Figure 2.6b). These findings were attributed to the
synergetic effects of the adsorptivity of GO and the formation of HO*® radicals during the

heterogeneous photo-Fenton reactions.
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Figure 2.6: a) Discoloration of RhB under different conditions: a- RhB/H20a/vis; b- RhB/H203, in
the dark; c- RhnB/GO-Fe20s, in the dark; d- RhnB/GO—Fe;0zs/vis; e- RnB/GO—Fe203/H202,in the dark;
f- RhB/GO-Fe;03/H.0,/vis; g- RhB/Fe**/H.0z/vis and b) the long-term stability test of
GO—Fe20s3 in the photo Fenton-like reaction [118].

Recently Hua et al. [123] reported the preparation of GO—Fe304 hanocomposites by the in-situ growth
of FesO4 nanoparticles on the GO surface through the hydrothermal synthesis method. The FesO4
NPs were found to be homogeneously dispersed on the surface of GO (Figure 2.7a) with uniform
particle sizes ~6 nm in diameter (Figure 2.7b). The GO-Fe30Os4 nanocomposites enhanced the
degradation of bisphenol A (BPA) by more than 8.5 times (> 85% BPA removal in 12 h) over the
bare Fe3Os4 NPs in the heterogeneous Fenton-like reaction (Figure 2.7c). This enhancement was
attributed to the formation of small diameter and relatively uniform size of the FesO4 NPs successfully
immobilised on the GO sheets. In addition, the synergistic effect of GO on the pre-concentration of
BPA molecules aided in further oxidisation of BPA within the vicinity of catalyst active sites. These
nanocomposites have shown good stability and reusability by sustaining more than 80% degradation

of BPA over the three consecutive cycles of reaction as depicted in Figure 2.7d.
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Figure 2.7: a) TEM and b) HRTEM images of GO—Fe3z04 nanocomposites, ¢) BPA degradation in
different systems and d) the long-term stability test on the BPA degradation using GO-Fe3O4
nanocomposites. Experimental conditions: 20 mg L™ BPA, 10 mM H202, 1 g L™ catalyst dosage and
pH 6 [123].

25  Summary

This review clearly shows that wastewater contamination by textile dyes requires processing to avert
negative environmental impacts. Further, a great proportion of dyes are related to AO7, which is
extensively used by the textile industry. Currently, there are several technologies that can be used to
degrade organic dyes, and AOPs are currently the gold standard, especially via the Fenton-like
reaction. However, one common feature of catalysts used in AOPs is the lack of stability and
recyclability, which is a major gap in the literature that warrants further research. This is not a new
problem and has been addressed by the research community with partial success only. The general



Chapter 2 Page | 25
approach is to immobilise an active metal oxide or metal group on a support, with carbonaceous
supports being the most promising materials. Despite having high catalytic performance for the
removal of dyes (>90% removal) at the initial stage of reaction, these heterogeneous catalysts still

suffer deactivation.

Therefore, the selection of a suitable catalyst support is crucial for the development of active and
stable heterogeneous Fenton-like catalysts. Out of many carbonaceous supports to form supported
heterogeneous catalysts, GO is considered as a potential candidate. In fact, GO has been proven to
immobilise iron complexes and/or iron oxide NPs for the development of heterogeneous (Fenton-
like) catalysts. From the findings of the recent progress on GO supported-iron containing
nanocomposites as heterogeneous (Fenton-like) catalysts, it was found that GO has functionalities
which may confer synergistic effects with iron oxides such as by: (i) facilitating the adsorption of
target pollutants through m-r interactions; (ii) preventing the iron oxide NPs from aggregating; and
(iii) facilitating the electron transfer between GO and iron centres due to the presence of sp?
hybridised carbon domain on the basal planes.

Nevertheless, there are still knowledge gaps associated with: (i) a detailed formation mechanism of
the GO supported-iron containing nanocomposites; (ii) understanding their structural-morphology
and functionality relationships with respect to their catalytic activity; and (iii) the reaction mechanism
in tandem with synergistic interactions and catalyst stability. There is a need to investigate the
synergies of nanocomposites structure and GO functionalities, a knowledge of this is required to
understand the optimal conditions in which the heterogeneous Fenton-like reaction can take place. A
major hypothesis to be tested in this thesis is that a stable catalyst is based on the synergistic effect
between the structure and functionality of the GO supported-iron containing nanocomposites. In this
case, this thesis also endeavours to answer the question related to the mechanism responsible for the
attainment of catalytic stability under the heterogeneous Fenton-like reaction. Finally, another
knowledge gap is the effect of GO supported-iron containing nanocomposites under the UV-assisted
heterogeneous Fenton-like reaction in enhancing catalytic activity. The role played by GO requires
further understanding under these conditions. Therefore, these knowledge gaps raise important and
relevant PhD questions, which are central to this thesis and subsequent investigations in the

experimental chapters.
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Graphene oxide-iron oxide (GO-Fe30O4) nanocomposites

as an alternative heterogeneous Fenton-like catalyst

3.1 Introduction

The aim of chapter 3 was to synthesise, characterise and investigate the performance of graphene
oxide—iron oxide (GO-Fe304) nanocomposites as an alternative heterogeneous Fenton-like catalyst
for the degradation of persistent organic pollutants, particularly dyes. The incorporation of GO as
catalyst support in immobilising FezO4 nanoparticles (NPs) was hypothesised to be able in enhancing
the inherent catalytic activity of FesO4 NPs. The catalytic performance of GO—Fez04 nanocomposites
were evaluated by taking into account of their reactivity for the oxidative degradation of acid orange

7 (AQ7) as the model pollutant in the heterogeneous Fenton-like reaction.

3.2 Contributions

This chapter investigates the feasibility of using GO-Fe30s4 nanocomposites as an alternative
heterogeneous Fenton-like catalyst and also the influence of GO in enhancing the overall catalytic
performances during the catalysis. The major contribution of this work was the related to the
formation mechanism of the GO-Fe304 nanocomposites. In fact, the findings of this work have
proven that the incorporation of GO as catalyst support led to an enhancement on the catalytic

performance of AO7 degradation over the control catalysts of FesO4 NPs and GO sheets.
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ABSTRACT

This work presents a facile, scalable method for the fabrication of graphene oxide-iron oxide (GO-Fe;O,)
nanocomposites produced by co-precipitation of iron ions onto the GO surfaces in basic aqueous media. FTIR
and XRD characterisation suggests that Fe;O, was chemically anchored to the GO sheets, possibly via the
carboxyl and hydroxyl groups. Small GO loadings of 0.5 and 1 wt% were not sufficient to alter the Fe;0,
structures. However, increasing the GO loading to 5 and 10 wt% resulted in significant loss in pore volume,
thus suggesting the lamellar GO sheets decorated with Fe;O, were assembling into GO-Fe;O, nanocomposite
stacks. It was found that the GO-Fe;O, nanocomposites had an enhanced catalytic activity in the heteroge-
neous Fenton-like oxidation of Acid Orange 7 (AO7) compared to pure GO flat sheets and Fe,;O, nanoparticles.
Interestingly, the GO-Fe;O, nanocomposite with 5 wt% loading ratio exhibited the best catalytic activity with
76% degradation of AO7 dye observed within 90 min of reaction. This was attributed to the synergistic effect of
GO by enriching the adsorbed AO7 molecules onto the nanocomposite to be further oxidised in the vicinities
of active sites. This finding suggests the promising employment of GO-Fe;O, nanocomposites in removing

organic dyes from polluted water by heterogeneous Fenton-like reaction.
KEYWORDS: Graphene Oxide, Iron Oxide, Nanocomposites, Fenton-Like Reaction, Acid Orange 7.

1. INTRODUCTION

Environmental protection continues to become increas-
ingly important and this is evident by the deployment
of stringent treatment regulations dealing with the recla-
mation and disposal of dye contaminated wastewaters
from textile, paper, plastics and related industries. In fact,
the World Bank estimates that 17 to 20% of industrial
water pollution emanates from textile dyeing and treatment
processes.! The discharge of dye contaminated wastewa-
ters to the environment has led to serious concerns from
both aesthetic and environmental points of view. The
presence of a dyes’ colour is often visible, even at con-
centrations as low as 1 ppm.> More importantly, these
wastewaters are considered carcinogenic, mutagenic and
toxic at these concentrations.® As regulations become more
stringent, the treatment and discharge of dye contaminated
wastewaters is compulsory, highly regulated and enforced.
Various treatments such as physico-chemical and biologi-
cal processes have been widely investigated,*® where con-
siderable attention has been paid to advanced oxidation

*Author to whom correspondence should be addressed.
Email: j.dacosta@uq.edu.au

Received: 30 September 2012

Accepted: 12 May 2013

processes (AOPs). AOPs have attractive features such as
highly potent and strongly oxidizing radicals, which allow
for the destruction of wide range of organic pollutants.®’

One of the most intensively studied AOP is based on
the Fenton reaction. The active sites in the Fenton process
are derived from iron ions, which serve as catalysts that
break down the peroxide (H,0,) molecules into numerous
hydroxyl radicals (OH) which are capable of decompos-
ing persistent organic pollutants, including dye. However,
the homogeneous Fenton process possesses several draw-
backs, including the necessity for post-treatment prior to
discharge due to the formation of iron hydroxide sludge,
narrow pH range of 2.5-3.5, and unattainable regener-
ation of catalyst.® Therefore, the development of active
and stable heterogeneous Fenton-like catalysts emerged as
an interesting alternative, where various iron species are
immobilized within the structure of different catalyst sup-
ports such as activated carbon, clay, alumina, ion exchange
resin and zeolite.>** In heterogeneous catalysts, the oxida-
tion reactions mainly occur at the solid-liquid interfaces.
As a result, significant reduction iron dissolution can be
achieved reducing precipitation into sludge, as the iron
remains either in the solid phase as a mineral or as an
adsorbed ion. Due to this fact, the catalysts can medi-
ate Fenton-like reactions at wider pH range and can also
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be recovered and regenerated for successive operations as
well.

The use of carbonaceous materials as a support for
immobilizing active catalysts has been well proven due
to its uniqueness in acting as a co-catalyst. One exam-
ple is the graphitic structure which could act in the same
way with iron ions in the Fenton reaction.' Graphene is
one of many carbon allotropes that have drawn consider-
able attention because of their unusual electronic transport
properties and ability to improve catalytic properties.'¢!
Graphene oxide (GO), a derivative of graphene, has
also shown to be a promising candidate for the cat-
alytic support and carrier in chemical reactions, or for
sorption, filtration and separation materials in environ-
mental applications.’>?* Liao et al.??> suggested that the
adjustable oxygenated functional groups of GO facilitate
surface modification, thus favouring GO as host material
for compositing with other materials. Moreover, Lu et al.®
reported that the GO plays an active part in the catalysis
through the pre-concentration of 4-nitrophenol that is then
reduced within the vicinity of catalyst active sites.

This work proposes a novel approach to use GO as
the catalyst support for catalysis, especially in the Fenton
reaction system. We therefore report for the first time
the immobilization of the iron species onto the GO sur-
face aimed at taking advantage of the possible synergistic
effect between GO and iron species in the Fenton reac-
tion. Herein we investigate a facile and scalable approach
towards the synthesis of GO-iron oxide (GO-Fe;0,)
nanocomposites by a chemical precipitation method. The
catalytic performance of GO-Fe;0, nanocomposites were
evaluated by taking into account of their reactivity for the
oxidation of Acid Orange 7 (AO7) as the model pollutant
in the heterogeneous Fenton-like reaction.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of GO

All chemicals were of analytical grade and used as
received. GO was synthesized by oxidation of graphite
flake (Aldrich) using the modified Hummers method.'®-2*
Natural graphite (2.5 g) was mixed with NaNO; (1.25 g)
in a beaker prior to the addition of H,SO, (98 wt%,
60 mL). The mixture was equilibrated in an ice-water bath
prior to the gradual addition of potassium permanganate
(7.5 g) under vigorous stirring. The solution was main-
tained below 20 ° C to control the exothermic reaction and
was kept stirring at a controlled cold temperature for 2 h.
The mixture was then removed from the ice-water bath and
stirred at room temperature overnight until a pasty consis-
tency with a brownish colour was obtained. Next, deion-
ized water (135 mL) was added slowly to the paste while
being stirred vigorously. The mixture was then heated to
98 °C for 1 h in an oil bath and subsequently cooled
down to room temperature. The reaction was terminated
by adding H,0, (30 wt%, 25 mL) to reduce the residual
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permanganate and manganese dioxide into colourless man-
ganese sulphate. The mixture turned from brown to bright
yellow after the peroxide treatment. Subsequently, the mix-
ture was filtered, washed twice with HCI (5 wt%, 400 mL)
to remove residual metal ions, and rinsed three times with
deionized water. The resultant GO was dried at 60 °C in
an oven prior to further use.

2.2. Synthesis of GO-Fe;O, Nanocomposites

The GO-Fe;0, nanocomposites were synthesized through
chemical co-precipitation of ferric and ferrous ions in the
presence of GO.'"» GO (30 mg) was initially ultrasoni-
cated in deionized water (100 mL) for 2 h to transform the
carboxylic acid groups into carboxylate anions. Separately,
FeCl; - 6H,0 (0.05 mol) and FeCl, - 4H,0 (0.025 mol)
were dissolved in deionized water (250 mL), and was
added slowly into the GO solution at room temperature.
The initial pH of the mixture was measure at 1.48. Then,
1 M NaOH was added dropwise (2 mL/min) into the solu-
tion until a pH of 10 was obtained under constant stir-
ring conditions. During the addition of NaOH a colour
changed was observed: yellow through brown, transition-
ing to black. The mixture was aged by constant stirring for
a further 30 min at pH 10. The resulting black precipitate
was magnetically separated and washed three times with
deionized water and dried in oven at 60 °C for 48 h. Anal-
ogous procedures were repeated by changing the weight
ratio of GO to the precipitated Fe;O,; from a blank sam-
ple, 0 wt%, through 0.5, 1, 5 and 10 wt%, respectively.

2.3. Material Characterization

FTIR measurements were carried out using a PerkinElmer
Spectrum 400 FT-IR/ATR Spectrometer, within a range of
4000-500 cm~'. BET specific surface area and pore vol-
ume were measured on the basis of N, sorption capacity
at 77 K on Micromeritics Tristar 3020 after degassing at
90 °C overnight under vacuum to remove any adsorbed
components. Phase analysis was performed by X-ray
diffraction using a Bruker D8 Advance diffractometer
(Cu Ka radiation, A = 1.5418 A; accelerating voltage of
40 kV and current of 40 mA) and morphological inves-
tigations were performed on a JEOL 1010 transmission
electron microscope (TEM) operated at 100 kV. Samples
for TEM were prepared by placing a drop of dilute sample
dispersed in ethanol onto a carbon-coated copper grid and
dried at room temperature.

2.4. Catalytic Activity Testing

The catalytic activity studies were carried out using Acid
Orange 7 (AO7, 35 mg/L) dye as the model organic pol-
lutant in a water matrix. The initial pH of dye solu-
tion was adjusted to the desired value using 1 M HCI
or 1 M NaOH. Following the pH adjustment, an appro-
priate dosage of GO-Fe;O, nanocomposite was intro-
duced into an Erlenmeyer flask filled with AO7 solution

Sci. Adv. Mater., 6, 1382-1388, 2014

1383

I - 0



Chapter 3

Fenton-Like Degradation of Acid Orange 7 Using Graphene Oxide-lIron Oxide Nanocomposite

(250 mL) and magnetically stirred at 350 rpm to main-
tain a uniform suspension. After allowing 30 min for the
adsorption/desorption of AO7 to reach equilibrium, the
reaction was initiated by adding predetermined amounts of
H,O, solution to the flask which subsequently time logged.
Samples were withdrawn periodically during the reaction
and analyzed immediately after removing suspended par-
ticles via 0.2 um Millipore syringe filters. Dye concen-
trations were analyzed with a UV-Vis spectrophotometer
(Evolution 220, Thermo Fisher Scientific) at a maximum
absorbance wavelength of 484 nm.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Properties of

GO-Fe;0, Nanocomposites
The synthesis process of GO-Fe;O, nanocomposites is
schematically illustrated in Figure 1. It is well known that
the surfaces of exfoliated GO sheets are covered by a
large number of carboxyl, hydroxyl and epoxy groups on
its graphitic backbone due to oxidation processes. These
functional groups can act as anchor sites that enable the
subsequent in situ deposition of Fe;O, nanoparticles onto
the GO sheets.?

The proposed formation mechanism of GO-Fe;0,
nanocomposites during the co-precipitation reaction can be
elucidated by Figures 1(3) and (4) as follows:

(i) when the iron solutions are mixed with the exfoliated
GO suspension, Fe**/Fe?* ions are adsorbed and coordi-
nated by the carboxyl groups of GO sheets;”’

(ii) subsequently, the Fe**/Fe’* ions are hydrolysed to
form Fe(OH),/Fe(OH), nanoclusters on GO sheets when
NaOH is introduced into the mixture; and

(iii) condensation of Fe(OH),/ Fe(OH), nanoclusters lead
to the formation of Fe;0, nuclei.?
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Further nucleation and growth of Fe;O, crystallites on
GO sheets were due to the redox reaction as the pH is
increased to 10.% The following reaction equation is pro-
posed for the fabrication of GO-Fe;O, nanocomposites:

2Fe** 4+ Fe?* + GO+ 80H™
< GO +2Fe(OH); — GO -Fe;0,(s) +4H,0 (1)

The functionalization of GO with Fe;O, nanoparti-
cles was confirmed by FTIR spectroscopy. The presence
of oxygenated-functionalized groups in the GO spectrum
(Fig. 2) is in good agreement with previous work.230
The broad peak between 3200-3400 cm™! is assigned to
the stretching of O—H band. The peak at 1714 cm™!
is associated with the stretching band of C—=O in car-
bonyl moieties, including carboxylic acid. Meanwhile, the
peaks observed at 1622, 1361, 1224 and 1051 cm™! corre-
spond to skeletal vibrations of graphitic domains (aromatic
C=C), carboxyl C—O, epoxy C—O and alkoxy C—O
stretching vibrations, respectively.

The spectrum of GO-Fe;O, nanocomposites differs
from that of GO as evidenced by the weakening of
the hydroxyl region between 3400 and 3200 cm~'. This
result indicates that the O—H bond was reduced after
depositing Fe;O, nanoparticles, which are chemically
anchored on GO surfaces with the aid of carboxylic acid.
This deposition can be substantiated by the shift of the
C=O0 peak (carboxylic acid) on GO from 1714 cm™!
to 1550 cm~! due to the formation of carboxylate ion
(-COO™).% Enhanced intensity of -COO~ peak can be
observed with an increasing GO loading from 0.5 wt% to
10 wt%. The broad peak between 600 and 550 cm™' cor-
responds to the vibration of M;—O-M,, for Fe;O,; where
M, and M, denote the metal occupying tetrahedral and
octahedral positions, respectively.?! This Fe—O vibration

CARBON SKELETON  -OH -COOH -COC-

Fig. 1.

GO-Fe3/Fe?
GRAPHITE GO EXEOLIATED GO COMPLEXES NANOCOMPOSITE
NOTE:
7
rYYY

GO-Fe;0,

Tllustration of GO-Fe,O, nanocomposites synthesis: (1) Oxidation of graphite to GO by modified Hummers method. (2) Exfoliation of GO

sheets by ultrasonication. (3) Adsorption and coordination of Fe**/Fe** ions onto the GO sheets. (4) Nucleation and growth of Fe,O, crystallites to

form GO-Fe;0, nanocomposites.
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Fig. 2. FTIR spectrum of GO, Fe;O, nanoparticles and GO-Fe,0,
nanocomposites.

peak weakens further as the nanocomposite GO loading
is increased, suggesting that the Fe;O, nanoparticles are
bound onto the GO surface.

N, adsorption isotherms were performed to deter-
mine the pore structure of the Fe;O, nanoparticles and
GO-Fe;0, nanocomposites as shown in Figure 3. The
nanocomposites exhibited Type IV isotherms with hystere-
sis loops. The extended loop indicates that a wide range of
mesopores are present in the nanocomposites. The meso-
porous structure of Fe;O, can be probably attributed to the
interspaces of aggregated Fe,O, nanoparticles due to their
strong magnetic interactions.'® This claim was further sup-
ported by the -plot that confirmed the Fe;O, nanoparticles
were dense, as depicted in the Figure 3 inset.

200
_ s
&
0 e
..,E’ 150 4 gm
§ {:
et £
8 100 %
-
o 00 o1 o0z 03 04
§ 1 Thickness (nm)
GE> 50 374
5 —=—GO(0.5wt%)-Fe,0,
S 1 —0— GO(1wt%)-Fe,0,
0+ —o— GO(5Wt%)-Fe,0,
—4— GO(10wt%)-Fe 0,
T T T T T

T T T T

T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)

Fig. 3. N, adsorption/desorption isotherms of GO-Fe;O, nanocompos-
ites with different GO loading weight ratios; insets show the calcu-
lated 7-plot of Fe,O, nanoparticles and literature. Reprinted with permis-
sion from [32], P. A. Webb, et al., Analytical Methods in Fine Particle
Technology, Micromeretics Instrument Corporation, Norcross, GA, USA
(1997). © 1997, Micromeritics.
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Fig. 4. BET surface area and pore volume of GO-Fe;0, nanocompos-
ites at different GO loading weight ratios.

These findings can be well supported through the cor-
relations between the BET surface area and pore volume
of nanocomposites as presented in Figure 4. It was found
that by increasing GO loading from 0.5 to 10 wt%, the
BET surface areas were consistently within the range of
115-130 m?/g. In fact, the addition of GO has not sig-
nificantly altered the N, isotherms (Fig. 3) up to partial
pressures of 0.3, especially with the blank sample which
does not contain GO. As the corresponding calculations
of BET surface area are modeled from these partial pres-
sures, these results suggest that the GO contributed very
little to the total surface area of the GO-Fe;0, nanocom-
posites. In fact, the BET surface area of GO is low in the
range of 30-40 m*/g due to the strong hydrogen bonding
that causes tight sheet associations.’*

However, GO delivered pronounced changes in the pore
volumes of the GO-Fe; O, nanocomposites. While Figure 4
shows that the addition of 0.5 and 1.0 wt% GO led to
small variations of 0.31 to 0.28 cm?/g, greater GO loadings
of 5 and 10 wt% resulted in a significant 42% decrease in
pore volume to 0.18 cm3/g. These results may be associ-
ated with various pore structures resulting from different
building blocks between the Fe;O, nanoparticles and GO
as reported elsewhere.'® To further explain the observed
structural changes, the hysteresis loops of the 0.5 and
1.0 wt% GO loaded samples has a similar shape to the
blank sample containing Fe;O, only (Fig. 3). Further GO
loadings of 5 and 10 wt% lead to flattening of the hystere-
sis shape, indicating a significant loss in pore volume.

The discussion on surface areas and pore volumes sug-
gest that there are two regimes associated with structural
formation of GO-Fe;O, nanocomposites. The first regime
is linked to small GO loadings, where the GO loading
plays a marginal role in the final structure. In this case, the
anchoring of Fe;0, on GO may form single flat structures
similar to Figure 1.4 which are dispersed in the GO-Fe;0,
nanocomposites. The second regime is directly related
to higher GO loadings. The reduction in pore volume
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Fig. 5. XRD patterns of GO, Fe,O, nanoparticles and GO (5 wt%)-
Fe;0, nanocomposite.

and hysteresis loop suggests that the single flat structures
combine, sandwiching the Fe;O, nanoparticles between
the GO sheets, possibly leading to stacked GO-Fe;O,
nanocomposite structures. Therefore these results suggest
that the higher Fe;0, content (low GO loading) was effec-
tive in causing the intercalation of nanoparticles within the
GO sheets and allowing the formation of a narrow hystere-
sis. In the case of reduced Fe;O, content (high GO load-
ing), there was an increased aggregation of the GO sheets
leading to a reduction in pore volume. In addition, the hys-
teresis loop suggests that the pore size distribution became
broader, possibly attributed to disordering stacking of GO
sheets (see XRD patterns in Fig. 5) or the agglomeration
of the Fe;O, nanoparticles which intercalated between the
GO sheets.

The crystalline structure of synthesized GO, Fe;O, and
GO (5 wt%)-Fe;0, nanocomposite were confirmed by
XRD measurements (Fig. 5). The characteristic GO reflec-
tion at 11.1° 26-corresponds to the (001) planes, which
indicates a typical loose layer-like structure due to the exis-
tence of oxygenated-functional groups on both sides of the
sheets with water molecules trapped between the sheets."
The crystal structure of Fe;O, nanoparticles was confirmed
by the presence of diffraction peaks at 30.3, 35.4, 43.3,
53.6, 57.2 and 62.9° 26 which can be assigned to the (220),
(311), (400), (422), (511) and (440) crystal planes of face-
centred cubic Fe;O, (indexed to JCPDS No. 19-0629).
All the peaks in the XRD patterns of Fe;O, nanoparti-
cles are in the good agreement with those reported in
the literature.?":? Similar XRD patterns were also noted
on GO (5 wt%)-Fe;0, nanocomposite, which further con-
firmed the successful deposition of Fe;O, nanoparticles
onto the GO sheets. The diffraction peaks at 31.6 and
45.3° 20 were due to sodium chloride, a residual impu-
rity from the synthesis procedure. Moreover, the disappear-
ance of (001) planes in the GO was possibly attributed to
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disruption of the typical layer-like structure of GO. In fact,
it is suggested that disordered stacking of GO sheets in
the GO (5 wt%)-Fe;0, nanocomposite were formed due to
the growth of Fe;0, crystallites. The NaCl peaks observed
in Figure 5 are attributed to the GO-Fe;O, nanocom-
posites synthesis method which involves the reaction of
NaOH and iron chloride salts (FeCl, - 6H,0/FeCl, - 4H,0).
Although the as-prepared samples were thoroughly washed

(a)

RS

Fig. 6. TEM images of (a) GO, (b) GO (5 wt%)-Fe,0, nanocomposite
and (c) Fe;O, nanoparticles.
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in deionised water several times, persistent traces of NaCl
remained trapped in the sample matrix.

The structure and morphology of GO, Fe;O, nanopar-
ticles and the GO (5 wt%)-Fe;O, nanocomposite were
further characterized with TEM. The synthesized GO
(Fig. 6(a)) presents the lamellar 2D structure with smooth
surfaces and wrinkled edges as a result of deformation upon
the exfoliation and restacking process, in agreement with
the literature.”*3>3 After grafting with Fe;O, nanopar-
ticles to form a GO-Fe;0, nanocomposite (Fig. 6(b)),
the GO had a much rougher surface that indicates that
the Fe;O, nanoparticles have been deposited on the sur-
face of GO layers. The size of these Fe;O, nanoparticles
was within 6-15 nm as depicted in Figure 6(c). In fact,
no individual Fe;O, nanoparticles were spotted beyond
the GO sheets of the nanocomposite even after ultrason-
ication. This was attributed to strong chemical interac-
tions between the carboxylate ions and iron oxide.? It is
also worth mentioning that the Fe;O, nanoparticles were
directly grafted onto the GO surfaces without having any
molecular linkers.

3.2. Catalytic Activity

The catalytic activity of the nanocomposites towards the
activation of H,0, in degrading AO7 dye is depicted in
Figure 7(a). In order to demostrate their synergy-induced
enhancement in the catalytic activity, control experiments
were performed using Fe;O, nanoparticles and GO sheets
by observing the decolorization of AO7, respectively. Neg-
ligible degradation of the AO7 solution was observed in
the blank conditions of Fenton-like reaction. This behavior
might be attributed to the low oxidation potential of H,O,
compared to OH radicals. In the presence of the Fe;O,
nanoparticles and GO sheets, AO7 was degraded by 48 and
22% at 180 min, respectively. Meanwhile, the degradation
rate of AO7 in the presence of GO-Fe;O, nanocompos-
ites varied within the range of 46-76% after 180 min of
reaction at different GO loading weight ratios.

The GO (5 wt%)-Fe;0, nanocomposite was found to
exhibit prominent degradation of AO7 with 76% observed
within 90 min, which suggests that the catalytic proper-
ties of the nanocomposite was enhanced by the well dis-
persed Fe;O, nanoparticles anchored to the GO sheets and
the combined effect between them. Ramirez et al.’ and
Noorjahan et al.'* revealed that the difference in the oxida-
tion rate was contributed to the synergistic effect, a result
of the adsorption properties of the substrate,”> whereby
the adsorbed pollutant molecules in the immediate vicin-
ity of immobilized Fe ions (=Fe?*/=Fe’*) were rapidly
degraded by the generated "OH radicals.!"%’

The degradation of AO7 by H,O, catalyzed with GO
(5 wt%)-Fe;0, nanocomposite can be well supported by
the change in the UV-Vis absorption spectrum over the
course of degradation (Fig. 7(b)). The AO7 spectrum was
characterized by the chromophore that contained azo link-
age in the visible range at 484 and 430 nm corresponding
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Fig. 7. (a) Degradation of AO7 by GO-Fe,O, nanocomposites in het-

erogeneous Fenton-like reactions and (b) Spectral changes of AO7 by
GO (5 wt%)-Fe; 0, nanocomposite (C,, =0.5 g/L; Cyp7, = 35 mg/L;

catalyst

Ciyy0,0 = 8.64 mM; pH, =3; T =25 °C).

to the hydrazone and azo form. Meanwhile the other
two bands at 230 and 310 nm in ultraviolet region were
ascribed to the adjacent auxochrome of benzene and
naphthalene rings, respectively.®® These four characteris-
tic bands were markedly weakened with increasing reac-
tion time, tending to disappear after 90 min, without the
appearance of new adsorption bands in the visible or ultra-
violet regions due to the destruction of the chromophoric
and auxochromic structures by the heterogeneous Fenton-
like reactions.

4. CONCLUSIONS

Graphene oxide (GO) was successfully employed as the
catalytic support for anchoring Fe;O, nanoparticles in the
heterogeneous Fenton-like reactions. The GO (5 wt%)-
Fe;0, nanocomposite showed enhanced degradation of
AO7 over the control catalyst, i.e., Fe;O, nanoparticles
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and GO sheets, respectively. Such catalytic behaviour is
attributed to the expected synergistic effect of GO on the
pre-concentration of AO7 to be oxidized within the vicin-
ity of reactive centres (=Fe*"/=Fe*"). Hence, this novel
approach of combining GO flat sheets and Fe;O, nanopar-
ticles show promising direction for further explorations
in utilizing GO-Fe;O, nanocomposites for the removal of
dyes.
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Chapter 4

Structural and functional investigations of GO-Fe304

nanocomposites

4.1 Introduction

The aim of chapter 4 was to investigate the synergistic structural and functional effects of
GO-Fe304 nanocomposites. The formation of different sets of structure and functionalities is
hypothesised to affect their resultant catalytic performances. Changes in these relationships were
strongly influenced by the amount of GO loading as well as its dispersion effect during the synthesis
of GO-Fe304 nanocomposites. Hence, this chapter demonstrates the correlation between structure,
morphology and functionality of GO—Fe3O4 nanocomposites at various GO loadings on the overall
catalytic performances for the oxidative degradation of AO7 in the heterogeneous Fenton-like

reaction.

4.2 Contributions

This chapter studied the influence of GO loading on the structural-morphological and functionalities
relationships of GO—Fez04 nanocomposites in correlation with their catalytic performances for the
oxidative degradation of AO7. The major contribution of this work was the formation of two distinct
GO-Fe304 nanocomposite structures with different catalytic activities. This work also demonstrates
that the presence of strong interfacial interactions between the FesO4 NPs and GO contributed to the

superior degradation of AO7.
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Graphene oxide-iron oxide (GO-Fe;0,) nanocomposites were synthesised by co-precipitating iron salts
onto GO sheets in basic solution. The results showed that formation of two distinct structures was

Correspondence and dependent upon the GO loading. The first structure corresponds to a low GO loading up to 10 wt%,

requests for materials associated with the beneficial intercalation of GO within Fe;O, nanoparticles and resulting in higher surface
should be addressed to area up to 409 m’ g~'. High GO loading beyond 10 wt% led to the aggregation of Fe;O, nanoparticles and
1.C.D.d.C. (j.dacosta@ the undesirable stacking of GO sheets. The presence of strong interfacial interactions (Fe-O-C bonds)

between both components at low GO loading lead to 20% higher degradation of Acid Orange 7 than the
Fe;0, nanoparticles in heterogeneous Fenton-like reaction. This behaviour was attributed to synergistic
structural and functional effect of the combined GO and Fe;O,4 nanoparticles.

ug.edu.au)

unique properties, including decent magnetic, electric, catalytic, biocompatibility and low toxicity

properties’ ™. In particular, Fe;O, nanoparticles (NPs) have been reported to be a catalyst in many
reactions such as Fischer-Tropsch®, Haber-Bosch®’, environmental catalysis>®’, and peroxidase-like activ-
ities'*"'>. However, these NPs are prone to aggregate and form large particles owing to strong anisotropic dipolar
interactions specifically in aqueous phase, thus losing their dispersibility and specific properties which eventually
diminish their activity"*. Therefore, there is a need to immobilise these NPs onto supports to preserve their unique
properties'*¢.

Among many materials, graphene and its derivatives are considered potential materials for the immobilisation
of NPs. Of particular interest, graphene oxide (GO) is an attractive material due to its unique two-dimensional
lamellar structure and high surface area as well as full surface accessibility and edge reactivity™"”. The immobilised
NPs are not only able to prevent the aggregation of graphene or GO from stacking but also improve the overall
catalytic activity owing to the strong synergistic interaction between both components'®". The lack of surface
functionalities in graphene to directly immobilise the NPs onto its surfaces has led to favourable utilisation of GO
as an alternative support for the assembly of graphene based nanocomposites™.

GO is derived from the exfoliation of graphite oxide and consists of abundant oxygenated functional groups,
such as hydroxyl and epoxides on the basal plane with carbonyl and carboxyl groups at the edges. These
oxygenated functional groups can serve as nucleation sites for metal ions to form NPs/GO nanocomposites.
Recently, several studies have been reported using GO for the support of Fe;0, NPs in catalysis for the reduction
of nitrobenzene?, the oxidation of cysteine®® and 3,3,5,5-tetramethylbenzidine?’. The reported enhancement in
catalytic activity was attributed to the synergistic effects between both GO sheets and Fe;O,4 NPs.

This work primarily focuses on developing nanocomposite structures containing graphene oxide and iron oxide
(GO-Fe;04). The resultant GO-Fe;O, nanocomposites were synthesised via depositing Fe;04 NPs on GO sheets
by co-precipitation method. The nanocomposites were then extensively characterised using nitrogen sorption,
transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS), to better understand their
structures and functionalities. Finally, the catalytic activity of the nanocomposites in the degradation of Acid
Orange 7 (AO7) dye was evaluated in a heterogeneous Fenton-like reaction. The results provide a new insight into

M agnetite (Fe;0,) has attracted considerable research interests in materials chemistry because of its

| 4:4594 | DOI: 10.1038/5srep04594 1
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the development of GO-Fe;O, nanocomposites and the structural-
morphology relationships with their catalytic activity.

Results

The nitrogen sorption measurements were performed to investigate
the textural characteristics of resultant nanocomposites at different
GO loading, varying from 0 to 25 wt%. The nitrogen isotherms in
Fig. la resulted in type IV shape with H2 hysteresis loop in the range
of 0.3-0.98 relative pressure. These results suggest that the GO-
Fe;0, nanocomposites are characterised by mesoporous structures.
The pore size distribution curves (Fig. 1b) calculated using DFT
model display pore sizes in the range from 1 to 10 nm. In contrast
to the GO-Fe;0,4 nanocomposites, Fe;O, NPs show a much broader
pore size distribution up to 20 nm. Such vicissitudes in hysteresis and
pore size distribution may be ascribed to the role played by GO in
tailoring the pore structure of the nanocomposites. This stems from
integrating two-dimensional (GO sheets) and zero-dimensional
(Fe304 NPs) structures into a single material®.

The specific surface area and pore volumes of the prepared Fe;O,4
NPs and nanocomposites are presented in Fig. 1c. A noteworthy
increment in surface area was observed by increasing GO loading
from 5 to 10 wt% (max Sppr approximately 409 m> g~'), which
declined thereafter. Indeed, a similar observation was also found in
pore volume. At low GO loading (=10 wt%), the pore volume
remained steady at ~0.32-0.33 cm’ g~' and subsequently decreased
to ~0.23-0.24 cm® g~* at higher GO loading (>10 wt%).

Figs. 2a-b show the micrographs of pure GO sheets where
the surface dimensions are of several microns and thickness of
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~30 nm. Fe;0, NPs are agglomerated (Figs. 2c-d), evidenced by
formation of large clusters. Figs. 2e-f and 2g-h show the micro-
graphs of the 5 and 15 wt% GO nanocomposites, respectively.
Compared to the pristine GO sheets (Fig. 2a-b), it can be distinctly
seen that Fe;04 NPs were deposited onto GO surfaces of the nano-
composites. Moreover, no isolated Fe;04 NPs were observed beyond
the GO, suggesting a strong interaction between the NPs and GO
sheets. It is also observed a significant reduction in the thickness of
the layers for the 5 wt% GO loading, calculated from 2 to 3 nm
around Fe;O,4 NPs, or up to ~5 nm as a combination of these layers
(see broken line box at the inset of Fig. 2f). For the 15 wt% GO
loading, the Fe;0, NPs agglomerated on the external GO surface,
and GO layer thickness could not be measured.

Although a minor degree of aggregation occurs at low GO loading
(5 wt%), most of the Fe;O, NPs are still highly dispersed on the GO
sheets (Fig. 2e). It is further observed the NPs were intercalated
between the GO sheets (see the inset broken line box in Fig. 2f).
This observation suggests that the low GO loading helped to prevent
Fe;0, from severe aggregation, which is beneficial for the distri-
bution of NPs over the GO planes. The bright circular rings in the
selected area electron diffraction (SAED) patterns indicate that
Fe;0, NPs are polycrystalline. The spaced-resolved lattice fringes
with an interplanar distance of 0.25 nm agree well with the lattice
spacing of (311) planes of Fe;O, as reported elsewhere?**.

However, a higher GO loading (15 wt%) shows the formation of a
different structure. This is clearly seen in the HRTEM micrograph
(Fig. 2h) where the surface no longer displays the GO sheets as in
Figs. 2a and 2e-f. In fact, Fig. 2h exhibits patterns similar to the pure
Fe;0,4 NPs in Fig. 2d. These images are evidencing that a higher
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Figure 1 | (a) Nitrogen adsorption-desorption isotherms, (b) DFT pore size distributions and (c) Sggr and pore volume of Fe;0, and GO-Fe;O,4

nanocomposites at various GO loadings.
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Figure 2 | TEM images of (a-b) GO, (c-d) Fe;0,4 NPs, (e-f) GO(5 wt%)-Fe;04 nanocomposite and (g-h) GO(15 wt%)-Fe;O4 nanocomposite.

degree of aggregation of Fe;O, NPs prevails once the GO loading
reached 15 wt%, which is coherent with the reduction in pore
volume (Fig. 1c). The dominant coverage of Fe;0,4 NPs is attributed
to the oxygenated functional groups on the exterior surface of GO
stacking, which tend to facilitate the nucleation and growth of the
NPs. This process is similar to many cases where the surface defects
and edges provide thermodynamically favourable nucleation sites®,
which show heavy agglomeration as seen in Figs. 2c-d.

The prepared nanocomposites were then further analysed using
XPS to verify the phase of NPs, interaction between NPs and GO and
state of GO as supports. As seen in Fig. 3a, the wide scan spectra of

the nanocomposites exhibited photoelectron lines at binding ener-
gies of ~285,530 and 711 eV which are ascribed to C 1s, O 1s and Fe
2p, respectively. The binding energy peaks at 711.1 and 724.6 eV in
the high resolution Fe 2p scan (Fig. 3b) correspond to Fe 2p;,, and Fe
2p1/2, respectively. The disappearance of the charge transfer satellite
of Fe 2ps/, at ~720 eV reveals the formation of mixed oxide of Fe(II)
and Fe(IIl) namely as Fe;0,"%". Besides, similar peak patterns were
attained with different GO loadings, indicating the formation of
Fe;0, phase in all nanocomposites.

Fig. 4a shows the O 1s spectra of GO, GO-Fe;04 nanocomposites
and Fe;O4 NPs. The deconvolution of the O 1s spectrum of GO

SCIENTIFIC REPORTS | 4 : 4594 | DOI: 10.1038/srep04594

3



Chapter 4

(a)

GO
GO(25 wi%)-Fe 0,

GO(20 wi%)-Fe 0,

GO(15 wt%)-Fe O,

GO(10 wt%)-Fe O,

Intensity (a.u.)

T T T
800 600 400

Binding energy (eV)

T
1200 1000

Page | 48

(b)

GO(25 wi%)-Fe,0,
GO(20 Wi%)-Fe,0,

GO(15 wt%)-Fe O

GO(10 wi%)-Fe,O
GO(5 Wi%)-Fe,O

Intensity (a.u.)

T T T T T
726 720 715 710 705

Binding energy (eV)

T T
740 735 730 700

Figure 3 | (a) Wide scan XPS spectra and (b) high resolution Fe 2p spectra of GO, GO-Fe;0, nanocomposites and Fe;0, NPs.

consists of three peaks: (i) the oxygen that binds to the sulphate group
owing to slight trace of sulphur detected at 168 eV in wide scan
spectra (O ex SO,: 531.4 eV), (ii) the oxygen in carboxylate and/or
carbonyl (O-C = O; C = 0:532.4 eV), and (iii) the oxygen in the
epoxy and/or hydroxyl (C-O-C; C-OH: 533.2 eV). It is notable that
the peaks of O 1s in GO-Fe;04 nanocomposites spectra shifted to
lower binding energy and broadened, which is characteristic of the O
1s belonging to lattice oxygen in Fe;O4 (Fe-O: 529.8 eV)*.

The binding of Fe;0, on GO might possibly occur through either
the carbon atoms or with the oxygenated functional groups on both
GO surfaces and edges. However, the first possibility is excluded as
the contribution from C or Fe atoms in the Fe-C bonds are not
present at 707.5%° and 283.3 eV in both Fe 2p (Fig. 3b) and C 1s
(Fig. 4b) spectra of the nanocomposites, respectively. Therefore, we
postulate that the emergence of the new peak at about 531.2 eV in the
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Figure 4 | XPS curve fit of (a) O 1s and (b) C 1s spectra.

nanocomposites spectra is assigned to the deposition of Fe;04 NP
onto GO sheets, which is possibly via Fe-O-C bonds. Such postula-
tion can be supported by the significant decrease in the relative
intensity of O-C = O, C = O and C-O-C, and C-OH peaks in
the nanocomposites compared to the pristine GO, which suggests
possible bidentate coordination of the Fe element with carboxylate
groups®* and replacement of hydrogen in hydroxyl groups. Further
considerations could be related to a ring opening reaction of epoxy
groups’"** by Fe element in Fe;0, through the Fe-O-C bonds. The O
1s spectrum of Fe;O, NPs displays a maximum peak centred at
529.8 eV which is ascribed to the Fe-O bonds. This finding can be
substantiated by the fact that the formation of metal-O-C bonds in
nanocomposites could be shifted to higher binding energy approxi-
mately 1-3 eV from the metal-O bonds of metal oxides®**~* as
presented in Table 1.
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Table 1 | Binding energy (B.E.) of meta-O-C bonds in O 1s
spectra
Metal-O-C

Metal-O bond  B.E. (eV) bond B.E. (eV) Refs.
Fe-O 530.3 Fe-O-C 531.7 28

Fe-O-C 533.0 33
Fe-O 529.8 Fe-O-C 531.2 This work
Ni-O 529.3 Ni-O-C 530.2 32
Cu-O 530.5 Cu-O-C 532.8 34

The state of GO as a support in these nanocomposites is further
demonstrated by the C 1s spectra as shown in Fig. 4b. The spectrum
of GO can be deconvoluted into five components corresponding to
C = C sp* (284.6 eV), C-C sp® (285.1 eV), C-OH and/or C-O-C
(286.7 V), C = O (288.1 eV) and O-C = O (289.0 eV)'"*>* It is
observed that the intensity of C-OH and C-O-C peak is alike with
the C = C sp?, suggesting that GO is adequately oxidised and holds
lots of hydroxyl and epoxy groups as compared to the carbonyl and
carboxylate groups. Interestingly, the peak of C-C sp® in GO-Fe;0,4
nanocomposites shifted to higher binding energy by 0.4 eV. This
peak increased in its intensity together with C = C sp® upon the
deposition of Fe;O, while the oxygenated functional groups
decreased, particularly for C-OH and C-O-C as the GO loading
reduces. These results suggest the likelihood of GO to undergo partial
reduction due to partial removal of epoxide and hydroxyl group on
GO basal plane, which were deoxygenated under alkaline conditions
during the preparation of GO-Fe;04 nanocomposites.

Additionally, the formation of a new covalent bond, Fe-O-C, and
the partial reduction in GO as supports for these nanocomposites
were reaffirmed based on the atomic concentration and its respective
ratio of deconvoluted peaks from O 1 sand C1 s spectra (Fig. 4). The
summarised data deduced from the respective peaks are presented in
Fig. 5. The emergence of Fe-O-C bond was found to increase gradu-
ally in low GO loading (<10 wt%) and tends to level off once reach-
ing 10 wt%. As the GO loading increases, the amount of Fe;O,
deposited raises progressively with the readily available oxygenated
functional groups within the exfoliated GO sheets by the successful
intercalation between both components. However, further increas-
ing the GO loading (beyond 10 wt%) leads to the saturation of
Fe-O-C bonding close to 25%, that possibly infers to a change in
structure. The C = O/Fe-O ratio from the O 1 s spectra were found
to increase gradually as a function of the GO loading, which signifies

[
(=}

10 407

L\~
w
1

g

c

[=]

=

= )

£ 201 / [] L o o
3 16= 404 §
g 154 ‘.."‘I ) E 6
5 Q Jjo3 4
2 * 14 O w
E 10 e S = =
S * Q 1020
© (&) (\-I)
Q 5 = —Fe-0-C 127 1o
o] —%—C-C/ C-0 :

&

—e— C=0/Fe-O

o
L
[]
1
(=}
L
o
o

10 15 20 25 30
GO(x wt%)-Fe O,

o
w

Figure 5 | Correlations between the Fe-O-C atomic content, C-C/C-O
and C = O/Fe-O atomic ratio with increased in GO loading of GO-Fe;0,
nanocomposites.
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higher GO’s reduction can be obtained at lower loading compared to
the higher one. Intriguingly, this finding can be verified by the ratio
of atomic concentration for the carbon domain over the oxygenated
functional groups (C-C/C-O) of GO in the C 1 s spectra of nano-
composites. The ratio of C-C/C-O declines steadily from 4 to nearly
3 with increasing GO loading, compared to the pristine GO value of
1. This correlation further corroborate with the state of GO as a
support which undergoes partial reduction during co-precipitation
through the gradual removal of oxygenated functional groups from
its surfaces and edges.

The catalysis of GO-Fe;04 nanocomposites and each individual
component for the degradation of AO7 as the model organic pollut-
ant was investigated in the heterogeneous Fenton-like reaction as
shown in Fig. 6. The low GO loading (=10 wt%) nanocomposites
led to higher AO7 degradation within 92-98% of removal compared
with lower values for pristine Fe;0, NPs and GO. However, the
removal efficiency of AO7 at higher GO loading (>10 wt%) declined
gradually from 88 to 60% possibly attributed to the structural
makeup of the nanocomposite.

Discussion

As the operation of heterogeneous Fenton-like reaction involved in
concurrent adsorption and reactions at the solid-liquid interface, the
surface accessibility of the GO-Fe;O, nanocomposites is crucial in
maintaining their catalytic activity. High accessibility of reactants
towards the active sites ( =Fe**/=Fe*") at low GO loading can be
achieved by the increase of surface area and pore volume (Fig. 1c),
which are able to diminish limitations in mass transfer during the
reaction. This can be correlated with their unique structures as
schematically represented in Fig. 7. The proposed structures are
relying on the degree of GO loading, wherein the low (below
10 wt%) and high (above 10 wt%) GO loading form Structures I
and II, respectively. The formation of these unique structures is
attributed to the GO dispersion effect and similar behaviour has been
reported for GO and nanowires”, or GO and polystyrene™.

Structure I schematically represents the intercalation of NPs
between the GO sheets, as seen in the HRTEM micrograph in
Fig. 2f. In this case, the hydroxylated iron complexes are able to
homogeneously anchor onto both the surfaces and edges of exfo-
liated GO sheets through the oxygenated functional groups, i.e.
hydroxyl, epoxy and carboxyl. Further condensation of complexes
leads to the formation of nuclei and growth of Fe;O, crystallites onto
GO sheets as a result of redox reaction. Likewise, this correlates well
with the observed variation in the desorption branch of isotherms
between relative pressures of 0.55-0.4 of the nanocomposites as
compared to 0.75-0.4 of the Fe;O4 NPs as displayed in Fig. la.
This effect may be associated with the resultant pore structure from
the combination of different building blocks between the GO sheets
and Fe;04 NPs. This finding can be further corroborated with the
featured pore width of =10 nm for the nanocomposites that was not
observed in pure Fe;O, NPs as presented in Fig. 1b.

Meanwhile, Structure IT is correlated with deposition of Fe;04 NPs
mainly onto the exterior surface of GO stacking at higher GO load-
ing. The anticipated GO stacking may be ascribed to the reduction in
the degree of exfoliation as the concentration of GO increases. High
GO loading may induce a dominant effect of GO stacking through
the -1 interactions which correspond to the van der Waals and
hydrophobic fields around the carbon basal plane of GO sheets. In
fact, this proposed structures are in well agreement with the surface
area and pore volume profiles which showed nearly 30% reduction in
both once the GO loading increased to 15 wt% or more (Fig. 1c).
Therefore, at higher GO loading, the aggregation of Fe;0, NPs on the
exterior surface of GO stacking might hinder the effective diffusion
and contact between the reactants towards the active sites, which
went against the ample formation of hydroxyl radicals to decompose
AQ?7 during the reaction.
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Figure 6 | Degradation profile of AO7 on GO, GO-Fe;0, nanocomposites and Fe;0, NPs samples in heterogeneous Fenton-like reaction.
Experimental conditions: AO7 0.1 mM, H,0, 22 mM, catalyst 0.2 g L™', T = 25°C and pH 3.

Interestingly, the highest BET surface area of the nanocomposites
was recorded at GO loading of 10 wt%, though the highest catalytic
activity was found to be at GO loading of 5 wt% with the overall rate
constant (k) of 0.02 min~". This indicates that the structure of the
nanocomposites is not the only factor affecting their catalytic activ-
ity. With increasing GO loading, the catalytic activity of the nano-
composites gradually decreased, which means that there is a strong
correlation between the catalytic activity and C-C/C-O ratio (Fig. 5).
The higher reduction degree of GO at low GO loading promotes the
transfer of electrons between Fe;0, and GO through Fe-O-C bonds,
which is beneficial for the degradation of AO7. The nanocomposite
of 5 wt% GO loading delivered similar catalytic activity with the bare
Fe;04 NPs during the first 45 minutes of reaction as shown in Fig. 6,
though the latter completely deactivated thereafter. Contrary to this
detrimental result, the nanocomposite retained good stability by
sustaining its activity throughout the entire reaction.

The degradation of AO7 occurs mainly at the solid-liquid inter-
faces of nanocomposites, where the formation of hydroxyl radicals
(HO") is due to the catalysed decomposition of hydrogen peroxide
(H,0,) by the active sites (=Fe*'/=Fe’") of Fe;0, NPs. The symbol
= represents the iron species bound to the surface of GO sheets. In
addition, GO consists of unpaired n electrons by the presence of
many semiconducting nt-conjugated carbon sp> domain on its basal
planes™ which in turn are able to facilitate electron transfer between
GO and iron centres®. This synergistic effect is beneficial in the

Structure | Structure Il

0 5 10 15 20 25
GO(x wt%)-Fe,O,

Figure 7 | The proposed two different structures of the GO-Fe;0,
nanocomposites at transitional GO loading of 10 wt% (the cyan, red and
grey ball and stick model correspond to the carbon skeleton of GO sheet,
oxygenated functional groups and Fe;04 NPs, respectively).

regeneration of ferrous irons to speed up the redox cycle between
the active sites, thus promoting the degradation and mineralisation
of AO7.

The enhancement in chemical reactivity can be attributed to the
synergistic effects between both optimized GO loading and Fe;O,4
NPs. These effects may be explained by a combination of few factors.
First, the high surface areas of exfoliated GO promotes good disper-
sion of Fe;04 NPs onto GO sheets (Structure I). This was found to be
beneficial in enhancing the mass transfer of reactants towards the
active sites ( =Fe**/=Fe’") during the reaction. Secondly, GO fea-
tures a large aromatic ring structure on its basal plane that favours
AQ?7 adsorption which has a similar aromatic ring structure through
n-1 interactions. This may provide an increase in AO7’s local con-
centration®' within the vicinity of the active sites to be further oxi-
dised by the generated hydroxyl radicals*. Thirdly, the strong Fe;0,4
NPs-GO interactions via Fe-O-C bonds facilitates the electron
transfer between the NPs and the semiconducting GO sheets®.
Lastly, the regeneration of ferrous ions was facilitated during the
reaction possibly owing to the partial reduction in GO that helps
electron transport to speed up the redox cycle between the active
sites ( =Fe**/=Fe’"). This is evident for the low GO 5 wt% nano-
composite (see Fig. 5) as the C-C/C-O ratio is the highest thus dem-
onstrating a higher removal of the oxygenated functional groups
compared with the other nanocomposites at higher GO loading. In
summary, this work demonstrates the structural and morphological
relationship of GO-Fe;04 nanocomposites at varies GO loadings on
the overall catalytic activity of AO7 degradation in the heterogeneous
Fenton-like oxidation.

Methods

Materials and preparation of GO-Fe;O, nanocomposites. Graphite flakes,
FeCl;-6H,0 (97%), FeCl,-4H,0 (99%) and AO7 (Orange II; 85%) were purchased
from Sigma-Aldrich. All other reagents and solvents employed for synthesis were of
analytical grade and used as received. Graphite oxide was synthesised via a modified
Hummers method**** and subsequently exfoliated by ultrasonication to attain an
aqueous dispersion of GO. The GO-Fe;04 nanocomposites were synthesised by co-
precipitating pre-hydrolysed ferric and ferrous salts in the presence of GO. Briefly, an
aqueous solution (100 mL) containing FeCl;+6H,0 (4 mmol) and FeCl,-4H,0

(2 mmol) was prepared with an initial pH of 1.48. However, GO sheets are prone to
stack together at such low pH solutions, thus diminishing the effective surface of
GO*. To address this problem, GO was not added into the mixture until the pH was
adjusted to pH 4 via addition of NaOH (1 M). Subsequently, the GO solution (50 mL,
0.55 mg/mL) was gradually added into the pH 4 solution and stirred for another
30 min giving rise to a stable and homogeneous mixture. An appropriate amount of
NaOH (1 M) was continuously added into this mixture to reach a pH of 10. The
mixture was aged at constant stirring for a further 30 min at room temperature. The
resulting black precipitate was magnetically separated and washed three times with
deionized water and ethanol prior drying in an oven at 60°C for 48 h. The GO
loadings for GO-Fe;O, were set at 5, 10, 15, 20 and 25 wt%, respectively. Pure Fe;O,4
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NPs were also prepared via an analogous method without the addition of GO
solution, for comparison purpose only.

Characterisation. Brunauer-Emmett-Teller (BET) specific surface area and pore
volume were measured by nitrogen sorption using a Micromeritics Tristar 3020. The
pore size distribution for each sample was calculated using non-local density
functional theory (NLDFT), from the desorption branch of the isotherms.
Microstructural investigation was carried out using a transmission electron
microscopy (TEM, JOEL 1010) operated at 100 kV, and high-resolution transmission
electron microscopy (HRTEM, JOEL 2010) with an acceleration voltage of 200 kV.
Micrographic grids were prepared by placing a drop of diluted sample dispersion in
ethanol onto a carbon-coated copper grid and dried at room temperature. X-ray
photoelectron spectroscopy (XPS) was performed on Kratos Axis ULTRA X-ray
photoelectron spectrometer equipped with monochromatic Al Ko (hv = 1486.6 eV)
radiation to quantitatively analysed the chemical composition of samples. To
determine the chemical functionality of the samples, the O 1 sand C 1 s spectra were
curve fitted by combining the components and minimizing the total square-error fit
of less than 2%. The curve fitting was performed using a Gaussian-Lorentzian peak
shape and Shirley background function. The C 1 s photoelectron binding energy was
set at 284.6 eV and used as reference for calibrating others peak positions.

Catalytic experiment. In order to investigate the catalytic activity of the as prepared
GO-Fe;0,4 nanocomposites, degradation of AO7 was studied in a heterogeneous
Fenton-like reaction. All experiments were performed using GO-Fe;0, (0.2 gL™") in
AO7 (0.1 mM) aqueous solution of 250 mL at 25°C and pH 3. Prior to the batch runs,
the initial pH of AO7 solution was adjusted with NaOH (1 M) or HCI (1 M) to 3. The
reactions were initiated by adding H,O, (22 mM) into the suspension and stirred at
350 rpm after 30 min of dark adsorption. Samples were periodically withdrawn,
filtered through 0.2 pm Milipore syringe filters and immediately analysed. The AO7
degradation as a function of the time was analysed by measuring the absorbance of the
solution at A, 484 nm using an UV-Vis spectrophotometer (Evolution 220,
Thermo Fisher Sci.).
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Chapter 5

Optimisation of heterogeneous Fenton-like reaction

using GO-Fe3z0O4 nanocomposites

5.1 Introduction

There is limited understanding on the catalytic reaction effect of GO—Fe3O4 nanocomposites in the
heterogeneous Fenton-like oxidation of AO7 which warrants further research. Therefore, the aim of
chapter 5 was to investigate the most influential operational parameters during the catalysis as it laid
a foundation in understanding the impact of these effects towards the GO—Fe304 catalytic activity.
Validation of the optimised conditions was carried out through the one-parameter-at-a-time and the
response surface methodology methods. Moreover, this chapter also determines the reaction kinetics

and mechanism which governed the oxidative degradation of AO7 using GO—Fe3z04 nanocomposites.

5.2 Contributions

This chapter systematically investigates the influence of different operational parameters on the
oxidative degradation of AO7 using GO—Fe304 nanocomposites in the heterogeneous Fenton-like
reaction. The major contribution of this work was the determination of optimal operational conditions
for the oxidative degradation of AO7. This work also demonstrates the corroboration of reaction
kinetics and mechanism in elucidating the rate of intrinsic chemical reaction on the surface of active

sites of GO—Fe304 nanocomposites during the catalysis.
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Well-dispersed iron oxide nanoparticles supported onto graphene oxide sheets (i.e. GO-Fe;04
nanocomposite) were synthesised and used as heterogeneous Fenton-like catalyst for the degradation
of Acid Orange 7 dye (AO7). The reaction was systematically investigated under various experimental
conditions such as nanocomposite dosage, pH, temperature, oxidant and dye concentrations. Best results
showed a fast 80% degradation in ~20 min, whilst ~98% of AO7 was successfully removed after 180 min of
reaction time. The degradation kinetics of AO7 was most influenced by pH and temperature, and can be
described by a pseudo-first-order reaction following the Langmuir-Hinshelwood mechanism. Analysis of
the spent nanocomposite suggested that the phase of iron oxide nanoparticles remained unchanged
whilst minor pore volume losses occurred via carbon deposition and/or re-stacking of GO sheets.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

The disposal of organic pollutants into water resources is an
issue of environmental significance, particularly due to the scarcity
of potable water facing our contemporary society. One of the
industries under strong scrutiny is the textile industry, as previous
practices of direct discharge of spent dyes into effluents had led to
detrimental effects in both environment and human health due to
toxicity, biodegradability and aesthetic impacts [1-3]. Therefore, it
is imperative that efficient textile wastewater treatment technol-
ogies are put in place to remove these toxic contaminants prior to
discharge into natural water bodies. Oxidation using Fenton or
Fenton-like reaction has been proven as promising and attractive
treatment method for effective decolourisation and degradation of
textile dyes. This is attributed to the simplicity of the Fenton
reaction operation, together with being an environmentally benign
process which produces highly reactive hydroxyl radicals (HO®)
that oxidise dyes efficiently and non-selectively [4,5]. Nonetheless,
the usage of homogeneous Fenton or Fenton-like reaction
operation has several significant disadvantages, such as post-
treatment requirements prior to discharge as a result of iron
hydroxide sludge formation, narrow pH operational range and

* Corresponding author. Tel.: +61 7 3365 6960; fax: +61 7 3365 4199.
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http://dx.doi.org/10.1016/j.jece.2014.08.001
2213-3437/© 2014 Elsevier Ltd. All rights reserved.

unattainable regeneration of catalyst which hampers the economic
feasibility of this process [6].

To overcome these disadvantages, numerous attempts have
been made to develop heterogeneous catalysts including the
incorporation of iron ions or iron oxides within the structure of
catalyst support [7-10]. The nature and properties of support play a
crucial role in the modulation of the activity in catalytic sites [11].
The decomposition of hydrogen peroxide (H,0,) in heterogeneous
Fenton-like reaction was suggested according to the Egs. (1) and
(2) where = represents the iron species bound to the surface of
catalyst support [12]:

=Fe®* + H,0, — = Fe?" + HOO® + H* (1)

= Fe?* + H,0, — = Fe?" + HO®* + OH"~ (2)

Iron catalyst supports, such as carbon based materials
(activated carbon; AC) [9,13,14], carbon aerogel [9], ion exchange
resin [15], carbon nanotubes (CNTs) [10,16-18], graphene and its
derivative graphene oxide (GO) [19,20] have recently been
reported. Among these works, carbon nanomaterials (CNTs and
GO) were reported to outperform the macroscale carbon systems
(AC) in sustaining stable and higher catalytic activity over a
number of cycles for HO, decomposition in aqueous phase [21].
Such improvement is inextricably linked to the morphology,
surface functionalities and chemistry of the carbon nanomaterials.
Therefore, immobilisation of iron compounds within the structure
of these carbon nanomaterials seem to be beneficial in improving
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the catalytic activity of heterogeneous Fenton-like reaction.
Instead of CNTs, GO is considered to be more economic favourable
as catalyst support since it can be conveniently synthesised by the
oxidation of graphite which is cheap and naturally abundant.

GO consists of a hexagonal ring-based carbon network with
both sp? and sp> hybridised carbon atoms in two-dimensional
structure that contain copious oxygen functional groups such as
epoxy, hydroxyl, carbonyl and carboxyl groups on surfaces and
edges [22-25]. These oxygen functional groups serve as activation
sites for nucleation and growth of iron precursors to form GO
supported iron-containing nanocomposites [26,27]. Recently, GO-
Fe(Ill) complexes were used for processing Rhodamine B (RhB) dye
resulting in a 38% degradation in 120 min (heterogeneous) and
almost 100% within 45 min (photo-assisted) Fenton-like reactions
[19]. In a similar fashion, GO-Fe,03 hybrid exhibited 17% higher
RhB degradation under the visible-light irradiation over the
heterogeneous Fenton-like reactions [20]. These reports have
highlighted the efficacy of using GO supported iron-containing
nanocomposites in photo Fenton-like rather than heterogeneous
reaction.

This work focuses on using GO as a support for magnetite
(Fe304) nanoparticles for the heterogeneous Fenton-like reaction,
which simplifies equipment design by dispensing the need of lamp
irradiation and extra process controls. The choice of magnetite
over the other iron oxide phases is based on its highest Fenton
activity [28,29]. Exfoliated GO sheets were used to anchor Fe304
nanoparticles, thus forming a GO-Fe;0, nanocomposite catalyst
[30]. Although GO-Fe304 nanocomposite [31], where the GO was
prepared by the Hummers method [32], were tested for the
degradation of Acid Orange 7 (AO7), these works focused mainly on
materials development rather than on catalytic reaction. In other
words, there is limited understanding of the catalytic reaction
effect of GO-Fe304 nanocomposites on the heterogeneous Fenton-
like oxidation of AO7, which warrants further research. Therefore,
this work investigates the most influential operational parameters
(i.e. dosage, pH, concentration of H,0,, concentration of dye and
temperature) on the oxidative degradation of AO7 using GO-Fe304
nanocomposite, supported by a global parametric optimisation.
Further, the reaction kinetics is studied and a model is validated
following the Langmuir-Hinshelwood mechanism to explain the
rate of intrinsic chemical reaction on the surface of active sites on
the nanocomposites. Finally, the characterisation of the spent
catalyst samples was performed by nitrogen sorption and
spectroscopy techniques to verify the stability of the GO-Fe304
nanocomposite prior to and after the catalytic degradation of
AO7 testing.

Experimental
Materials synthesis and characterisation

Graphite flakes, FeCls-6H,0 (97%), FeCl,-4H,0 (99%), Na,SO3
(98%), H,0, (30% w/w) and AO7 (Orange II; 85%) were purchased
from Sigma-Aldrich. Other reagents and solvents used were of
analytical grade and without further purification. The GO-Fe304
nanocomposites were synthesised by co-precipitating of pre-
hydrolysed ferric and ferrous salts in the presence of GO as
described elsewhere [31]. Briefly, GO was first prepared via a
modified Hummers method [32,33] and subsequently exfoliated
by ultrasonication to attain an aqueous dispersion of GO. Then
NaOH (1 M) was added dropwise into 100 mL of precursor solution
containing of FeCl3-6H,0 (4 mmol) and FeCl,-4H,0 (2 mmol) until
pH 4 under constant stirring. GO solution (50 mL, 0.55mgmL™')
was then gradually added into a mixture and stirred for another
30 min. NaOH (1 M) was continuously added dropwise into the
mixture until reaching pH 10 and then aged for 30 min. The

resulting black precipitate was magnetically separated and washed
several times with deionised water and ethanol, and dried at 333 K
for 48 h.

Microstructural investigation was carried out by transmission
electron microscopy (TEM, JOEL 1010) operated at 100 kV. Samples
were prepared by placing a drop of diluted sample dispersion in
ethanol onto a carbon-coated copper grid and dried at room
temperature. The XRD patterns of nanocomposite were obtained
using X-ray diffraction by a Bruker D8 Advance diffractometer at
40KkV and 40 mA using filtered Cu Ko radiation (A =1.5418 A). The
textural properties of nanocomposite were determined by nitro-
gen sorption analysis using Tristar Il 3020 (Micromeritics).

Oxidation degradation and sorption of AO7

Detailed parametric studies were performed using of GO-Fe30,4
nanocomposite in heterogeneous Fenton-like reaction by changing
one variable at a time, whilst keeping the others constant. The
oxidative degradation of AO7 was determined in the following
initial ranges of parameters: (i) nanocomposite dosage
(0.1-03gL™"); (ii) pH (2.5-6.3); (iii) concentration of H,0,
(2.75-44mM); (iv) concentration of dye (15-55mgL~!) and
(v) temperature (298-328K). These testing conditions were
chosen based on previous works carried out in the heterogeneous
Fenton reaction using iron oxide supported based catalysts
[9,12,13]. The reaction was initiated by adding H,O, into the
suspension and stirred at 350 rpm after 30 min of dark adsorption.
Sampling was carried out periodically. The collected suspension
was filtered through 0.2 wm Millipore syringe filters and the
filtrates were then immediately analysed. Concentration of
AO7 was determined by measuring the absorbance of the solution
at 484 nm, corresponding to the maximum absorption wavelength
of AO7 in visible region by Evolution 220 UV-vis spectrophotom-
eter (Thermo, Fisher Sci.). The experiments had a reproducible
with an average experimental variation of +7%. The total carbon
(TC) analysis was carried out using Shimadzu 5000 TOC-VCSH
analyser (Shimadzu), equipped with an automatic sample injector.
The TC values represent the average of triplicate measurements.

In order to verify if adsorption was concurrently taking place to
the heterogeneous Fenton reaction as reported elsewhere [34,35],
adsorption analysis was carried out by mixing an amount of
nanocomposite (0.2gL™!) in a conical flask containing different
initial concentration of AO7 ranging from 15 to 55mgL~! and
magnetically stirred at 350rpm. For equilibrium adsorption
studies, the experiments were carried out at pH 3 and 298K for
24h to ensure equilibrium was reached. The concentration of
AO7 in the supernatant was analysed consecutively. The AO7
uptake at equilibrium, q. (mgg ') was calculated according to
Eq. (3).

g = 0T 3)

where Cy and C. are the solution concentrations at initial and

equilibrium (mgL~"), respectively. V is the volume of solution (L)
and W is the mass of the nanocomposite (g).

Results and discussion
Optimisation analysis

GO-Fe304 nanocomposite containing 5 wt% of GO loading was
used in this study due to their optimal catalytic activity [31]. Fig. 1
presents the degradation profile of AO7 at different nanocomposite
dosage ranging from 0.1-0.3 g L. These results demonstrated that
the degradation profile of AO7 increased significantly as a function
of the dosage from 0.1 to 0.2gL~'. Such enhancement in
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H,0; + H" — H30," (5)
1.0 —=—0.10gL"
—s—0.15gL" HO* + H" + e~ — H,0 (6)
—A—020gL"

—v—025gL"
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Fig. 1. Effect of GO-Fe;0, nanocomposite dosage on the degradation of AO7.
Experimental conditions: AO7=35mgL~"; H,0,=22mM; pH=3 and 298 K.

degradation was ascribed to the increased number of active
catalytic sites which are responsible for the decomposition of H0,
into HO® radicals. Nevertheless, further increase of dosage
(0.3gL™!) inhibited the degradation of AO7. This result is
attributed to possible scavenging of HO® radicals (Eq. (4)) by the
reaction between the excess active sites and the HO® radicals,
therefore induced a decline of AO7 degradation [13,36]. Dosages of
0.20 and 0.25gL™' delivered comparable degradation profile.
However, lower nanocomposite dosage is always preferred in
catalysis and thus 0.2gL™! was chosen for all subsequent
experiments.

=Fe?* + HO®* — = Fe3* + OH"™ (4)

It is known that pH has a significant impact in heterogeneous
Fenton-like reaction, which directly affects the oxidative degrada-
tion of dyes by HO® radicals. This is clearly shown in Fig. 2, as the
optimal AO7 degradation value of 98% was achieved at pH 3 within
180 min reaction. When the pH was lowered to 2.5, the
AO7 degradation decreased to nearly 80%. This result suggests
that the protonation of H0, in forming an oxonium ion (H30,")
had occurred, which then enhances H,0, stability and reduces its
reactivity towards =Fe?* (Eq. (5)) [37]. Besides that, the scavenging
effect of HO® radicals by the excessive H" (Eq. (6)) [11] is also
enhanced at pH 2.5. The reduction in AO7 degradation was also
observed when the initial pH was higher than 3. This can be
explained by decomposition of more H,0, into molecular oxygen
and water on the active sites without the formation of appreciable
amounts of HO® radicals [38].

—a—25
—e—3.0
—&—35
—v—4.0
0.0 =% 6.3

T T T T T T T T — T
0 20 40 60 80 100 120 140 160 180
Time (min)

Fig. 2. Effect of initial pH on the degradation of AO7. Experimental conditions:
AO7=35mgL"'; Dosage=0.2gL""; H,0,=22mM and 298 K.

Oxidant concentration is also regarded as a key operational
parameter in producing HO® radicals in oxidative degradation of
dye. Fig. 3 depicts the relationship between AO7 degradation at
different oxidant (H,0,) concentrations. As the H,0, concentration
increased from 2.75 to 22 mM, the degradation of AO7 improved
from 75% to 98% over 180 min, respectively. These results suggest
that more HO® radicals are formed as H,0, concentration
increased, which leads to an increased rate in AO7 degradation.
However, when the H,0, concentration is over 22 mM, for example
44 mM; the degradation rate slowed down and dropped to 90%.
The excess concentration of H,0, may induce parallel undesirable
reactions between HO® radicals with H,O, and producing hydro-
peroxyl radicals (HOO®), as expressed in Eq. (7). The oxidation
potential of produced HOO® radicals (1.78 V) is much lower so that
they are less reactive to oxidise dyes compared with HO* radicals
(2.80V) [38].

H,0, + HO® — H,0 + HOO* (7)

Fig. 4a illustrates the dependence of AO7 degradation on the
initial concentration of dye ranging from 15 to 55 mg L. The initial
concentration affected the reaction which progressively slowed
down as a function of AO7 concentration. For instance, by
increasing the initial AO7 concentration, ~80% of
AO7 degradation was achieved in 30 min (15 mgL~"), and doubled
to 60 min (25 mgL~!) and then increased by more than six fold to
180 min (55mgL~"). This is attributed to inductive effects caused
by the high AO7 concentration, as available active sites were
predominantly covered by the dye molecules. As a result, this effect
limits the amount of H,0O, freely available to interact with the
active sites of the GO-Fe30,4 nanocomposite for effective genera-
tion of HO® radicals. Similar behaviour was also reported elsewhere
for the oxidation of dyes [39,40].

The profile of normalised concentrations with time (Fig. 4a)
follows an exponential pattern, which may describe the
degradation of AO7 according to the pseudo-first-order kinetics
reaction:

—dc,
at = kobs(Cao7) ®)

where the Cao7 represents the concentration of AO7 (mgL~') at
time t and ko, is the pseudo first-order rate constant (min—')
for the degradation of AO7. The integration of Eq. (8) yields
Eq. (9).

1.04 —=—275mM
—e—5.50 mM
—4—11.00 mM

0.8 \ —v—22.00 mM
—4—44.00 mM
0.6
°
(&)
S
O 04
0.24
0.04

T T T

T T T T T T T
0 20 40 60 80 100 120 140 160 180

Time (min)

Fig. 3. Effect of H,0, concentration on the degradation of AO7. Experimental
conditions: AO7=35mgL"'; Dosage=0.2gL '; pH=3 and 298 K.
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a) calculated as 0.710mgL "min~! and 0.745Lmg !, respectively.
1.04 —=—15mgL” The Kao7 value was found to be lower than the sorption constant
——25mgL" (K.=1.109Lmg ") in absence of oxidant according to the Langmuir
—A—35mgL" adsorption model as shown in Fig. S1 and Table S2 (see
e —v—45mgL” Supplementary information), indicating the existence of competi-
—<—55mgL”’ tive adsorption between AO7 and H,O, towards the active sites
0.6 during the reaction.
o° The temperature has a pronounced effect on AO7 degradation
5’ ol as shown in Fig. 5a. Fast rates are observed within minutes for an
=) AO7 concentration of 35mgL~! (expected in textile wastewater),
and 80% degradation was reached less than ~20min at 328 K.
0.2 Longer reaction time of ~70 min is required as the temperature is
reduced to 298 K. Hence, raising the temperature of the reaction
likewise increases kops, translating in shorter reaction time. This
0.0+ : . : ; : ; ; . . : phenomenon is attributed to the exponential dependency of kops
0 20 40 60 80 100 120 140 160 180 with reaction temperature in accordance with the Arrhenius’s law.
Time (min) High temperature leads to an increased rate between H,0, and the
active sites of GO-Fe304 nanocomposite in generating more HO*®
b) 100 radicals to readily oxidised AO7. These results suggest that the
mobility of AO7 and H,0, towards the surface of active sites are
promoted by increasing reaction temperature. However, raising
80 1 the temperature from ambient conditions at 298-328 K requires
energy, which in turn affects the operating costs of wastewater
y= 1"109’( 1891 treatment. Unless a source of waste heat is available, or solar heat
— 804 W 09008 can be used effectively, 298 K was chosen in this work as the
‘E preferred temperature in the heterogeneous Fenton-like reaction
~ 404 due to the consideration of the potential operating costs.
SQ
=
20
0 T T T T T
0 10 20 30 40 50 60
-1
cAO7o (mg L )

Fig. 4. (a) Effect of dye initial concentration on the degradation of AO7. (b)
Relationship between the 1/kops and Cao7, using Langmuir-Hinshelwood model.
Experimental conditions: Dosage=0.2gL"'; H,0,=22 mM; pH=3 and 298 K.

in $A0% _ Kobst (9)

Cho7

The slope of the straight line for a plot of In(Cao7,/Ca07) Vs. t
determines the kops value which are summarised in Table S1 (see
Supplementary information). The results in this work shown that
the kops values decreased as the initial concentration increased.

The heterogeneous reaction for the degradation of organics
encompasses with both reaction and adsorption that occurs
simultaneously [41], and can be described by the Langmuir-
Hinshelwood mechanism [39,42], which can be expressed as
follows:

chAO7

Kops = i 10
°bS = 11 Kao7Cho7, (10)

1 1 1

(1m

Kobs E(CAWU) * kcKao7

where the k. is the intrinsic surface reaction rate constant
(mgL~"min~') and Kao7 is the Langmuir-Hinshelwood adsorption
equilibrium constant (Lmg~'). The values of k. and Kao7 can be
calculated by plotting the (1/ kobs) against Capz,. As can be seen in
Fig. 4b, the experimental data fits reasonably well (R? =0.983) with
the proposed Langmuir-Hinshelwood mechanism. In other words,
the catalytic surface reactions between the nanocomposite active
sites, AO7 and HO" radicals can be used in determining the kinetics
of the heterogeneous reaction. The k. and Kao; values were

0.0 —1
T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (min)
b)-z.e
|
3.0
3.2 y = -2925.1x + 5.9814
R’ =0.9842
5
x® 34
£
3.6
-3.84 -
3.0x10° 3.1x10° 3.2x10° 3.3x10” 3.4x10°
1T (K”)

Fig. 5. (a) Effect of temperature on AO7 degradation. (b) Arrhenius plot of reaction
rate constant. Experimental conditions: AO7 =35mgL'; Dosage=0.2gL '; H,0,=
22mM and pH 3.
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The kobs parameter for the AO7 degradation for each tempera-
ture was calculated to determine the activation energy of reaction.
It was found that the kop,s values at temperatures of 298, 313 and
328K were 0.022, 0.032 and 0.053min~!, respectively. The
correlation between temperature and kops can be presented in
Fig. 5b using the linear form of Arrhenius equation:

In kyps — In A+ (;Ea> (12)

where A is a constant, R is the gas constant (8.314] mol~ 'K~ 1!), Tis
the solution temperature and E, is the activation energy. The E, was
found to be 24.3kJmol~'. This value is higher than E, of
the diffusion-controlled reaction that usually ranges within
10-13 kJ mol~1[43], which implies that the ks for this heteroge-
neous reaction is dominated by the rate of intrinsic chemical
reactions on the surface of active sites rather than the rate of mass
transfer as reported elsewhere [39,44].

Global optimisation

The optimisation carried out so far follows one dimensional
pattern for a single condition. Hence, there is a need to understand
the best global optimised condition. To address this point, a
23-factorial design was used to elucidate the global interaction
based on a face centred central composite design (FCCD) under
response surface methodology (RSM). Three significant param-
eters (i.e. dosage, pH and temperature) and their ranges were
chosen based on the findings of one-parameter-at-a-time method.
The details of the design matrix and the response surface
regression analysis are presented in Tables S3 and S4, respectively
(Supplementary information). From the analysis of variance

a) Degradation of AO7 (%)
De: 328 .
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AOT Removal (%)

100
%0 322 —
X1=8 <
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g
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Fig. 6. (a) Contour plot of the derived response surface quadratic model.
(b) Correlation between the actual and predicted degradation of AO7.

(ANOVA) of response surface regression, an empirical relationship
between the degradation of AO7 and the coded parameters was
expressed by the following equation:

Degradation of AO7(%) = 95.89 + 2.82A — 6.25B + 3.66C
+0.38AB + 2.29AC + 3.15BC

— 1.86A% — 19.44B? + 0.36C> (13)

This derived model is graphically represented through the
contour plot (Fig. 6a). This plot illustrates the interactive effects
between the pH and temperature at optimal dosage of 0.205gL™!
on the degradation of AO7. At the same time, determination of the
optimal condition between those parameters can be facilitated by
the elliptical nature of the contour plots. Validation of derived
model was confirmed by diagnostic plot (Fig. 6b), which shows
high correlation between the experimental and predicted values.
The model adequacy was corroborated by the high coefficient
value of 0.9742, hence given confidence to the global optimised
results.

From this analysis, the optimal condition for degradation of
AO7 was obtained at dosage 0f 0.205 gL', pH of 3 and temperature
of 326.7K with desirability of 1. In one hand, raising the
temperature is beneficial in terms of increasing the reaction
kinetics. On the other hand, the increase in temperature must be
traded off against energy input to the reaction which attracts extra
undesirable operational cost. Unless free waste heat is available,
we have considered 298K as the preferred temperature in the
heterogeneous Fenton-like reaction. Based on these findings, there

Fig. 7. TEM images of pristine (a) and spent (b) GO-Fe;04 nanocomposites.
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Fig. 8. XRD patterns of Fe;0, nanoparticles, pristine and spent GO-Fe304
nanocomposites.

are no significant differences (except for temperature) on the
optimal condition between the one-parameter-at-a-time and the
global optimisation.

Characterisation

The analysis of spent GO-Fe;0,4 nanocomposite was performed
to compare against its pristine properties. TEM images in Fig. 7
indicate that there are no significant differences in the morphology
between both samples. The Fe;0, nanoparticles were well
dispersed throughout the surface of GO sheets in both cases.
There is a slight aggregation within the corrugated GO surfaces in
both cases. This is attributed to the surface defects and edges of GO
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Fig. 9. Isotherms (a) and pore size distribution (b) of pristine and spent GO-Fe;04
nanocomposites.
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Fig. 10. UV-vis spectra changes during the oxidative degradation of AO7 by GO-
Fe;04 nanocomposite in the presence of H,0,. Experimental conditions: AO7 =35
mgL~"; Dosage=0.2gL™"; H,0,=22mM; pH=3 and 298 K.

which facilitates the nucleation and growth of the Fe;04 nano-
particles [45]. However, there is a thick area on the spent
nanocomposite in Fig. 7b (highlighted white circle) possibly
originating from disorder stacking of GO-Fe;0, nanocomposite.
XRD patterns in Fig. 8 show that both pristine and spent GO-Fe30,
nanocomposites exhibited relatively weak and broad diffraction
peaks similar to Fe;04 nanoparticles. Interestingly, the phase of
Fe;04 remained unchanged throughout the AO7 oxidation reaction
because no discernible changes in diffraction peaks of spent
catalyst were observed.

Minor changes were observed between the nitrogen isotherms
of spent and pristine GO-Fe;04 nanocomposites as displayed in
Fig. 9a. Both isotherms are of type IV with H2 hysteresis loop,
indicative of mesoporous structures. The spent sample resulted in
surface area loss of 19.7% (from 373 to 300m?g~') and pore
volume loss of 15.6% (from 0.328 to 0.277 cm>g~!). These results
suggest that the spent nanocomposite underwent structural
densification, though the pore size distribution remained similar
to the pristine catalyst (Fig. 9b). The spent nanocomposite was
washed, dried and degassed prior to the nitrogen adsorption
testing. If the intermediates of the AO7 degradation through
carbon deposition remained adsorbed, then this could explain the
loss in both the surface area and volume of the spent nano-
composite. Alternatively, there may have been re-stacking of the
GO sheets during successive catalytic reaction, washing and drying
processes, thus reflecting the observed changes.

Finally, the total carbon (TC) analysis showed that 90.48% of
carbon was successfully being removed and decomposed into
carbon dioxide after undergoing 180 min of reaction. This can be
clearly seen in Fig. 10 as the degradation of AO7 was monitored by
UV-vis spectra. There are three absorbance peaks at 484, 310, and
230 nm and one shoulder at 430 nm. The peaks at 484 and 430 nm
in the visible region are ascribed to the hydrazone and azo form,
whilst the other two peaks, at 310 and 230 nm in the ultraviolet
region, are assigned to the naphthalene and benzene rings of AO7,
respectively [6]. The absorbance at 310 and 230nm increased
slightly in the first 30min, attributed to the formation of
naphthalene- and/or benzene-type intermediates during catalysis.
All peaks almost disappeared at 180 min of reaction due to the
destruction of azo bond (—N=N-—) in the chromophoric
structure of AO7.

Conclusions
The degradation of AO7 dye by the heterogeneous Fenton-like

reaction was systematically investigated using GO-Fe304 nano-
composite catalyst. The optimal operational condition was
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obtained with a catalyst concentration of 0.2 gL, an initial pH of
3 and 22 mM of H,0, concentration at 298 K. The AO7 degradation
was mainly ascribed to heterogeneous Fenton-like reaction and
well described by a pseudo-first-order kinetic through the
Langmuir-Hinshelwood mechanism. This heterogeneous reaction
is dominated by the rate of intrinsic chemical reactions on the
surface of active sites rather than the rate of mass transfer. The GO-
Fe;04 nanocomposite delivered best AO7 degradation of 98%. The
spent catalysts was mainly stable, as the Fe;04 phase remained
similar to a pristine catalyst, though minor changes in surface area
and pore volume were observed possibly attributed to the
adsorption of intermediates or re-stacking of the GO-Fe304 sheets
during the reaction. These findings present new insights into the
influence of operational parameters in the heterogeneous Fenton-
like oxidation of AO7 using GO-Fes;04 nanocomposite.
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Chapter 6

Recyclability and longevity of the catalyst based on the
synergistic effect of GO and iron oxide in the

heterogeneous Fenton-like reaction

Abstract

This work shows for the first time that the recyclability and longevity of the catalyst is associated
with the synergistic interfacial effects between iron oxide (FesO4) nanoparticles and graphene oxide
(GO). This is evidenced by the continuous, constant performance of GO-Fe304 nanocomposites,
contrary to a conventional iron oxide catalyst which exhibited a severe loss of activity for the
oxidative degradation of acid orange 7 (AO7) in the heterogeneous Fenton-like reaction. The
GO-Fe304 nanocomposites exhibited superior stability with more than 98% AO7 removal compared
to the bare FesO4 nanoparticles. It is postulated that this stability is attributed to the fast regeneration
of immobilised ferrous ions to catalytically decompose hydrogen peroxide into hydroxyl radicals due
to the intrinsic donor-acceptor surface properties of GO. This proposed stability mechanism is
supported by the X-ray spectroscopy (XPS) analysis, which shed light on the different behaviour of
surface activity between the nanocomposites and bare nanoparticles after undergoing successive

cycles of reaction.

6.1 Introduction

The employment of environmentally benign technologies to treat industrial wastewaters is becoming
paramount, particularly to meet stringent environmental regulations. The heterogeneous Fenton
reaction offers many advantages to process wastewaters loaded with undesirable refractory organic
compounds using cheap iron oxide catalyst and hydrogen peroxide (H202) oxidant. The downside of
this process is the lack of recyclability of the iron oxide as these catalysts continuously lose their
activity after a few reaction cycles, thus requiring the addition of fresh catalysts. To address this lack
of recyclability, immobilisation of iron oxide nanoparticles (NPs) onto the surface of solid supports
has gained increasing attention in heterogeneous catalysis [1-6]. The modulation of overall catalytic
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activity is intimately related to the nature and properties of the supports [7], as well as the specific
interaction between the iron oxide’s active sites and the supports [8]. Various types of carbonaceous
materials such as activated carbons [9, 10], carbon aerogel [9], mesoporous carbon [11], carbon
nanotubes [2, 12, 13], graphene and its derivative graphene oxide (GO) [14, 15] have been considered
as promising supports in the oxidative degradation of refractory organic pollutants. Moreover, these
carbonaceous materials could also act as co-catalysts due to the donor—acceptor properties of the
carbon surfaces based on an electron-transfer mechanism similar to the Fenton reaction [16, 17].

Among them, the deposition of NPs onto the unique two-dimensional structure of graphene or GO is
desirable due to the highly effective surface area and the lack of ink-bottle pores [18]. These allow
high accessibility of reactants towards the actives sites which are able to diminish limitations in mass
transfer during catalysis. Further, GO exhibits a highly heterogeneous electronic structure determined
by the interplay of conducting n-states from sp? carbon atoms within the large energy gap (c-states)
of sp® domains with oxygenated functional groups [19-21]. Thus, the changes in carbon to oxygen
(C/O) ratio may modify the GO electronic properties from insulating to semiconducting properties
[22, 23]. These functional properties of GO have been explored in recent years, by immobilising iron
oxide on GO sheets as GO—Fez04 nanocomposites for the degradation of organic pollutants such as
bisphenol A [3], acid orange 7 (AQO7) [14], Rhodamine B and 4-nitrophenol [15]. Although these
works have shown significant degradation of refractory organic pollutants using the incumbent GO—
iron oxide nanocomposites in heterogeneous catalysis, the synergistic interactions between NPs and
GO as the catalyst support, which influences the overall catalytic activity, has yet to be fully

understood.

Inspired by environmentally benign concepts, this work focuses on a systematic investigation of the
recyclability and long-term stability performance of GO-FesOs nanocomposites for the
heterogeneous Fenton-like oxidation of AO7, which is an organic compound pollutant of worldwide
significance used in the production of textiles. To this end, the underlying interactions of the GO and
iron oxide NPs are fully explored and explained based on the characterisation of both pristine and
spent materials at their respective cycles of reaction. Moreover, a mechanism on the synergistic effect
of GO-Fe304 is proposed to provide new insights into the recyclability and longevity of this hybrid

catalyst in the heterogeneous Fenton-like reaction.
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6.2  Experimental

6.2.1 Preparation of GO-Fe3O4 nanocomposites

The GO-Fe304 nanocomposites were prepared by co-precipitating pre-hydrolysed ferric and ferrous
salts in the presence of GO as described previously [14]. Briefly, an aqueous suspension of GO
solution was first prepared by 30 min ultrasonication of graphite oxide. The precursor solution
(100 mL) containing FeClz-6H2O (4 mmol) and FeCl>-4H>0 (2 mmol) was pre-hydrolysed by the
dropwise addition of aqueous NaOH (1 M) under constant stirring. Once the pH of mixture reached
pH 4, the GO dispersion (50 mL, 0.55 mg mL™) was gradually added and stirred for another 30 min
until homogeneously mixed. NaOH was then continuously added into the mixture until a pH of 10
was obtained and then the suspension was aged for 30 min. The resulting black precipitate was
magnetically separated and washed several times with deionised water and ethanol, and dried at 60 °C
for 48 h for further use. For comparison, FezO4 NPs were also prepared via an analogous condition

in the absence of GO.

6.2.2 Catalytic and stability performance

The stability of nanocomposites was tested in continuous operation up to seven cycles at optimised
reaction conditions [24] (0.2 g L™ GO-Fe30y, initial pH of 3, 22 mM H.02, 35 mg L* AO7 at 25 °C)
for the oxidative degradation of AO7. The oxidative degradation was carried out without reclaiming
the nanocomposite throughout the stability test. A known amount of AO7 stock solution was added
into the reaction mixture in each cycle of reaction to keep its initial concentration constant prior to
the re-initiation of reaction by H>O,. Sampling was carried out periodically and the concentration of
AO7 was determined by measuring the absorbance of the solution at 484 nm by Evolution 220 UV-

Vis spectrophotometer (Thermo Fisher Scientific).

6.2.3 Characterisation

X-ray photoelectron spectroscopy (XPS) was performed on Kratos Axis ULTRA X-ray photoelectron
spectrometer equipped with monochromatic Al Ka (hv = 1486.6 eV) radiation to quantitatively
analyse the chemical composition of GO—Fez04 nanocomposites. The curve fitting was performed
using a Gaussian—Lorentzian peak shape and Shirley background function. The C 1s photoelectron
binding energy was set at 284.6 eV and used as a reference for calibrating all peak positions.
Microstructural investigation was carried out by high resolution transmission electron microscopy

(HRTEM, JOEL 2010) with an accelerating voltage of 200 kV. Samples were prepared by placing a
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drop of diluted sample dispersion in ethanol onto a carbon-coated copper grid and dried at room
temperature. Field emission scanning electron microscope (FESEM) images were obtained using
JEOL JSM-7001F. Atomic force microscopy (AFM) images of GO and GO—Fe304 nanocomposites
on a freshly cleaved mica surface were taken with a Veeco MultiMode AFM in tapping mode using
OLTESPA-R3 silicon probe (Bruker). The XRD patterns of the nanocomposites were obtained using
X-ray diffraction by a Bruker D8 Advance diffractometer operating at 40 kV and 40 mA using filtered
Cu Ka radiation (A= 1.5418 A). Leaching of iron into solution was analysed by Inductively Coupled
Plasma-Optical Emission spectroscopy (ICP-OES) (PerkinElmer).

6.3 Results and discussion

6.3.1 Catalytic and stability performance

Figure 6.1 shows that the GO—Fe304 nanocomposites exhibited excellent stability compared to the
FesOs NPs over the seven tested cycles, without losing activity for the degradation of AO7.
Conversely, this removal efficiency was found to decline quickly for FezsOs NPs. The efficiency of
the FesO4 NPs profoundly declined over the second to fifth cycles where the AO7 removal decreased
from 70% to nearly 0.7% with no further discernible removal observed in the later cycles. This result
IS somewhat counter-intuitive, as the iron oxide immobilised onto the GO sheets did not suffer such
loss of activity. Therefore, there is a mechanism associated with the synergistic effect between the
interfacial interaction of GO and iron oxide which grants the GO—FesO4 nanocomposites catalytic
stability over the tested cycles. In principle, the significant catalytic deactivation experienced by
Fe3O4 NPs can be described by a combination of passivation effects originating from the possible:
(i) formation of a passivated iron oxide surface due to part of the =Fe?* in the outermost layer of the
active sites being oxidised to =Fe3* which remained in the latter state due to ineffective regeneration
of =Fe?* during catalysis [2, 25], and (ii) surface passivation by adsorbed AO7 and intermediates
might physically block the access of H.O> towards the active sites hindering the effective formation
of hydroxyl radicals (HO") at the surfaces of active sites [26, 27]. Thus, the lack of surface passivation
of GO-Fe304 nanocomposites confers this catalyst a significant difference as compared to

conventional iron oxide catalysts in the heterogeneous Fenton like reaction.
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Figure 6.1: AO7 removal in the long-term stability test using GO—Fe304 nanocomposites and FezO4
NPs in the heterogeneous Fenton-like reaction.

The stability of the nanocomposites was further assessed by measuring the amount of iron leached
into solution after the reaction as shown in Figure 6.2. The maximum leaching concentration amongst
the seven cycles was about 0.723 ppm. Such relatively small levels of iron leaching, which are below
the European Union directive values (< 2 ppm) [28], indicates that the FesO4 NPs were strongly
deposited on the GO sheets possibly through Fe—O-C bonds [14] rather than homogeneously being
dissolved into the reaction mixture. The minor leaching could be attributed to a marginal proportion
of loose Fe3Os NPs not bonded to GO sheets. Hence, the contribution of homogeneous reaction
towards the total catalytic activity was performed with similar concentration of iron leached (0.8 ppm)
at the optimum reaction conditions as presented in Figure 6.2. These results strongly suggest that the
degradation of AO7 was dominated by the GO-Fe3O4 nanocomposites, rather than by the minor
contribution of the leached iron. This is mainly attributed to the heterogeneous catalysis on the surface
of the GO-Fe304 nanocomposites’ active sites in producing more HO* radicals to readily oxidise
AO7.
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Figure 6.2: The effect of homogeneous and heterogeneous Fenton-like reaction on degradation of
AOQ7. Experimental conditions: AO7 35 mg L, H,0, 22 mM, pH 3 and T=25 °C.

6.3.2 Nanocomposite characterisation

X-ray photoelectron spectroscopy (XPS) analysis was carried out for both GO-FesO4
nanocomposites and FezO4 NPs to elucidate the underlying synergistic effect between the interfacial
Fe3O4 NPs and GO sheets after their successive use in oxidative degradation of AO7. As shown in
Figure 6.3a-b, the Fe 2p spectra of the pristine and spent samples (i.e GO—Fez04 nanocomposites and
FesOs NPs) present spin—orbit doublets with binding energies of 711.1 and 724.6 eV, which
correspond to Fe 2ps2 and Fe 2p12, respectively. Further deconvolution of these peaks into Fe** and
Fe2* components were carried out in order to determine the possible oxidation of the catalyst surface
during the catalysis by quantifying the changes in Fe%*/Fe?* ratio. The details of Fe** and Fe?* peaks
with respect to their ratio are summarised in Table 6.1. In both pristine samples of
GO-Fes04 nanocomposites and FesOs NPs, the major component was found to be Fe** which
contributed to 65.8 and 66.6% of the total iron surface atoms, respectively, while the remaining 33.8
and 33.3% were in the Fe?* state. The ratio from these values are similar to the literature values [2,

29-31], which corresponds with the FezO4 crystal structure.
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A notable increase in Fe®*/Fe?" ratio after undergoing successive reactions was only observed for the
FesO4 NPs rather than the nanocomposites. The increase in Fe®*/Fe?* ratio from 2.01 to 3.31 could be
associated with a proportion of the =Fe®" being oxidised into =Fe** on the surface of FesOs4 NPs
during the heterogeneous Fenton-like reaction. Interestingly, no changes in the ratio of Fe®*/Fe?* were
found in the nanocomposites (Table 6.1). These findings plausibly suggest that the regeneration of
immobilised ferrous ion (=Fe?*) on the active sites of GO-Fe304 nanocomposites was due to the
presence of synergistic interaction between the GO and FezO4 NPs throughout the catalysis. In fact,
these findings are correlate well with the ability of GO—Fe304 nanocomposites to sustaining a high

removal of AO7 (Figure 6.1) compared to the bare FesO4 NPs during the long-term stability test.

The involvement of the GO during catalysis was further substantiated by the deconvoluted peaks of
the O 1s and C 1s spectra as shown in Figure 6.3c and Figure 6.3d, respectively. After the successive
reactions, a discernible increase in the relative intensities of O-C=0, C=0 and C-O-C, and C-OH
peaks were observed in both O 1s and C 1s spectra of GO—Fez04 nanocomposites. At the same time,
the relative intensity of the peak assigned to the C=C was found to be decreasing gradually upon
successive reaction cycles. Approximately 18.7% of the sp? carbon domain was reduced (Table 6 S1,
see Supplementary Information in Appendix C) after seven cycles; which implies that slight oxidation
in GO occurred during the catalysis. This can be attributed to the conceivable introduction of defect
sites in the GO sheet arising from the oxygenated functional groups attached to the sp® carbon. These
results strongly suggest that the HO" attacks the peripheral unsaturated bonds of GO planes by
electrophilic addition reaction and that there was an incomplete recovery of sp? carbon domain during
the heterogeneous Fenton-like reaction. This outcome is interesting in the sense that it has not
previously been observed for GO, but similar behaviour has been reported for the effect of HO®

radicals in the oxidation of carbon nanotubes by Li et al. [32] and Zhang et al. [33].
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Figure 6.3: Fe 2p core-level XPS spectra of (a) GO—Fe3O4 nanocomposites and (b) FesOs NPs;
(c) O 1s and (d) C 1s core-level XPS spectra GO—Fe304 nanocomposites before and after long-term
stability test.
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Table 6.1: Atomic surface concentration of Fe*>* and Fe?* on the samples before and after long-term

stability test.

Fe 2p3/2 Fe 2p1/2 Fe3+/Fe2+
Fe?* (%) Fe** (%) Fe** (%) Fe** (%) ratio

Sample Cycles

0 26.24 43.15 7.026 23.58 2.01

1 21.51 45.79 8.57 24.13 2.32

FesO4 3 20.47 50.02 7.56 21.95 2.57

5 18.65 49.52 8.14 23.69 2.73

7 16.07 51.56 7.13 25.24 3.31

0 24.96 44.97 8.31 21.76 2.01

1 25.01 43.96 8.24 22.79 2.01

GO-Fe304 3 24.9 44.53 8.34 22.23 2.01
5 24.55 43.92 8.71 22.81 2.01

7 24.85 43.77 8.46 22.91 2.00

The morphology and nanostructure of the GO—Fe3O4 nanocomposites were investigated by field
emission scanning electron microscopy (FESEM), high resolution transmission electron microscopy
(HRTEM) and atomic force microscopy (AFM). High dispersion of FesO4 NPs deposited across the
surface and edges of GO sheets can be clearly observed by FESEM and HRTEM, as presented in
Figure 6.4a-c and Figure 6.5a-c. The AFM image (Figure 6.6a) also discloses similar morphology of
GO—Fe304 nanocomposites as observed in both FESEM and HRTEM images. The inset line profile
displays uniform height distribution across its lateral dimension with a thickness of about 4 to 5 nm
(Figure 6.6a). These findings suggest a uniform coverage of FesO4 NPs were deposited on the GO
surface. The crystallite size of the FesO4 NPs were calculated to be ~4 nm [24] and the thickness of
the GO (Figure 6.6b) was determined at ~1 nm. Therefore, it is inferred that a monolayer of Fe3O4
NPs was successfully deposited onto a single layer of GO sheet. Such morphological behaviours are
anticipated to be favourable for an effective interaction with H2O- in generating HO" radicals during

the catalysis.
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In fact, the spent nanocomposites (Figure 6.4d-f and Figure 6.5d-f) still presented relatively similar
morphological features with the pristine nanocomposites, although some slightly thicker areas were
spotted on the spent nanocomposites (Figure 6.5d); suggesting to possible disordered stacking
between nanocomposites during catalysis. The distance between the adjacent lattice fringes in both
pristine and spent nanocomposites (Figure 6.5c, f) were about 0.25 nm, which corresponds well to
the (311) lattice planes of Fe3O4. In addition, no phase change of Fe3Os NPs was observed in the
spent nanocomposites as shown in Figure 6.S1 (see Supplementary Information in Appendix C).
Collectively, these observations proved the stability and recyclability of GO—Fe304 nanocomposites

catalyst after undergoing successive seven cycles of reaction.

Figure 6.4: Typical FESEM images at different magnifications of uncoated pristine (a—c) and spent

(d—f) GO-Fe304 nanocomposites after long-term stability test.
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Figure 6.5: HRTEM images at different magnifications of pristine (a-c) and spent (d-f) GO—Fe304

nanocomposites after long-term stability test.
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Figure 6.6: AFM images of pristine GO-Fez04 nanocomposites (a) and GO sheets (b) the on mica
surface. The insets show the height profile along the dashed line in the panel of pristine

nanocomposites and GO, respectively.
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6.3.3 Proposed synergistic interaction mechanism of GO-Fe3O4 nanocomposites

The major findings in this chapter on the recyclability and longevity of the GO-Fe3O4
nanocomposites as catalyst are novel indeed. In order to explain this major finding, Figure 6.7 shows
a schematic of the proposed mechanism related to the synergistic interfacial effect of the GO sheet
and iron oxide NPs in delivering the unexpected stabilisation behaviour. In principle, the reaction
mainly takes place at the solid-liquid interface, where the actives sites ( =Fe?*/=Fe3*) of Fe3Os NPs
linked to the surface of GO sheets catalytically decomposed the adsorbed H20- into HO" radicals and
hydroperoxyl radicals (HOO") according to Equation 6.1 and 6.2. Instead of just the Fe3O4 active
sites, H20O, was also being activated and decomposed on the GO surfaces to form HO" radicals [34].
This phenomenon is attributed to the intrinsic donor-acceptor surface properties of carbon materials
[13, 17, 35, 36] via an electron transfer reaction similar to the Fenton mechanism, with GOc=csp2 and
GOc-csp3 as the reduced and oxidised carbon actives sites (Equation 6.3 and 6.4). Additionally, GO
consists of unpaired 7 electrons by the presence of many semiconducting m-conjugated sp? carbon
domains on its basal planes [19-21] which in turn are able to facilitate electron transfer between GO
and iron centres [12, 37] via Fe—-O—C bonds [14]. This electron transfer could be correlated with the
reduction potential of the GO that is about —0.19 V vs. saturated calomel electrode (SCE) [38], which
is lower than the standard reduction potential of Fe3*/Fe?* (+0.771 V) [13, 39]. Based on this fact,
spontaneous reduction of =Fe* to =Fe?* was conceivable because the electron could be donated from
the GO basal planes towards the oxidised active sites. Such synergistic interaction between the GO
and FesO4 NPs is beneficial in accelerating the =Fe**/=Fe?* redox cycles (Equation 6.5) for the fast
reduction of =Fe3* to =Fe?" which is actively participating in the decomposition of adsorbed H,0
into HO" radicals during catalysis, since the reduction of =Fe®** by H,0, to =Fe?* [40] was relatively
quite slow. Therefore, the efficient cyclical electron transfer between GO and FesOs NPs in the
GO—Fe304 nanocomposites plays a dominant role in altering the surface redox processes which were

able to sustain the high removal of AO7 in the heterogeneous Fenton-like reaction.

=Fe*" +H,0, > =Fe* +'OH +OH" (6.1)
=Fe* +H,0, » =Fe* +HOO'+H" (6.2)
GO, ;. +H,0, > GO, +'OH +OH" (6.3)
GO . +H,0, > GO, . +HOO +H" (6.4)

GO , +=Fe** 5 GO

2
C=Csp c—Csp® +=Fe™ (6.5)
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Figure 6.7: Proposed mechanism for degradation of AO7 with GO-Fe304/ H20: in heterogeneous

Fenton-like reaction.

6.4 Conclusions

The GO—Fez04 nanocomposites demonstrated superior catalytic activity and stability by sustaining
nearly 98% of AO7 removal with insignificant iron leaching over seven consecutive cycles of
oxidative degradation compared to the bare FesO4 NPs. Such enhancement can be attributed to the
presence of synergistic interfacial interactions between the GO and Fe3Os NPs during the
heterogeneous catalysis. These synergistic interactions can be well explained based on the systematic
investigation surface activity of both catalysts at their respective cycles of reaction. Interestingly,
GO-Fes04 nanocomposites were able to preserve its surface activity by keeping its initial Fe3*/Fe?*
ratio of 2 and similar morphological features even after undergoing seven cycles of reaction.
Meanwhile, FesOs NPs exhibited a noteworthy increase in Fe**/Fe?* ratio from 2.01 up to 3.31. The
increase in Fe3*/Fe?* ratio can be ascribed by a proportion of =Fe?* being oxidised into =Fe** which
remained in the latter state due to ineffective regeneration of =Fe?* on the surface of the FesOs NPs.
Based on these findings, it is postulated that the presence of synergistic interactions between both
components in GO-FesOs contributes to the conceivable spontaneous reduction of =Fe®* to
regenerate =Fe?* due to the intrinsic donor-acceptor surface properties of GO, which facilitates the
electron transfer between GO and oxidised active sites (=Fe**) via Fe—-O—C bonds. At the same time,

GO was found to undergo slight oxidation with 18.71% reduction in the sp? carbon domain observed,
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possibly from the attack of HO+ on the GO planes and also the incomplete recovery of sp? carbon

domains during the catalysis. In summary, the presence of these synergistic effects in

GO-Fe304 nanocomposites plays a dominant role in accelerating the redox cycles of active sites in

the regeneration of =Fe?*, which confers the catalyst’s superior recyclability and longevity for

oxidative degradation of AO7 in the heterogeneous Fenton-like reaction.
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Chapter 7

Physicochemical characterisation and  catalytic
properties investigation of graphene oxide with zinc
partially substituted magnetite (GO-Fe3xZnxOs)

nanocomposites

Abstract

In this study, a series of nanocomposites containing graphene oxide and zinc partially substituted
magnetite nanoparticles (GO-FesxZnxOs, 0 < x < 0.4), were synthesised through a facile
precipitation-oxidation method. The partial substitution of zinc into the magnetite structure was
confirmed by the collective findings of XRD, TG-DTG, XPS and STEM-EDS analysis. This work
shows that the GO played a major role by increasing the oxidative degradation of acid orange 7 (AO7)
efficiency by ~30% or more attributed to the enhancement of the catalytic activity in the UV-assisted
Fenton-like reactions. Interestingly, even the nanocomposites without the photo-luminescent zinc
(x=0) as GO—Fe304, also delivered high catalytic activity under UV-assisted conditions as close as
the samples containing zinc. Overall, it was found that significant improvements were obtained when
GO was incorporated into the nanocomposites as a catalyst support, whilst zinc provided minor
changes in the catalytic activity only. The catalytic kinetic activity peaked for x=0.2 samples, which
was attributed to the higher sp? carbon domains on the GO basal planes that were responsible for the

transfer of electrons from the GO to the zinc partially substituted magnetite nanoparticles.

7.1 Introduction

Growing research interest has been paid to the heterogeneous Fenton-like reaction for the degradation
of persistent organic compounds using GO supported iron oxide nanocomposites, mainly due to their
high surface area and decent catalytic properties [1-5]. Compared to other types of iron oxide,
magnetite (FesOa4) offers higher catalytic activity with several interesting structural features [6, 7].

First, the presence of Fe?* occupying the octahedral site of FesO4 plays a key role as an electron donor



Chapter 7 Page | 80
to initiate decomposition of hydrogen peroxide (H20>) into hydroxyl radicals (HO*) following the
Haber—Weiss mechanism [7, 8]. Second, magnetite accommodates both Fe?* and Fe3* on the
octahedral sites, allowing the Fe species to be reversibly oxidised and reduced while keeping the
structure unchanged [7]. Third, the Fe cations in the Fe3O4 structure can be isomorphically substituted
with different types of transition metal cations which can significantly affect the microstructure,

physicochemical properties and catalytic activity of the resulting materials [9-11].

Moreover, recent studies have revealed that the isomorphic substitution of Fe3Os with Co [12, 13],
Mn [9, 14], Ti [15, 16], Cr [17], V[15, 18] have significantly enhanced its catalytic activity in various
reactions. The exception is the substitution of FesO4 with Ni [7, 19], which led to a decrease in
catalytic activity as Ni?* were mainly substituted with Fe?* within the structure of FesOs. These
variations were greatly dependent on the types of substituting metals, it’s concentration as well as the
occupancy of substitution sites which stimulates an effective generation of HO* radicals during
catalysis. With respect to this strategy, it is postulated that GO also plays a synergistic role in the UV-
assisted Fenton-like reaction when coupled with the heterogeneous Fenton-like catalyst (e.g.
magnetite) and the photoluminescence catalyst (zinc oxide). Therefore, this work investigates the
influence of GO coupled with FesO4 and zinc oxide for the oxidative degradation of persistent organic

compounds which remains unaddressed in the open literature.

This work shows for the first time the investigation of a series of zinc partially substituted magnetite
nanoparticles (NPs) with different concentrations being immobilised onto graphene oxide sheets as
GO—Fe3.xZnx0O4 nanocomposites. Of particular interest, the effect of zinc on the physicochemical and
catalytic properties of GO—Fes.xZnxO4 nanocomposites were systematically investigated by varying
the zinc molar ratio 0<x<0.4. The catalytic performances of GO—Fes.xZnxO4 nanocomposites were
evaluated using a model reaction of AO7 oxidative degradation in the heterogeneous and UV -assisted

Fenton-like reactions.

7.2 Experimental

7.2.1 Materials

FeCls-6H20 (97%), FeCl2-4H20 (99%), Zn(NO3)2-6H20 (98%), NH4OH (30 wt% NHs), H202 (30%,
w/w) and AO7 (Orange II; 85%) were purchased from Sigma-Aldrich. All chemicals were of
analytical grade and used as received except for graphite oxide which was prepared from graphite
flakes (Sigma Aldrich) by the modified Hummer’s method [20, 21].
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7.2.2 Synthesis of GO-zinc partially substituted magnetite (GO-Fe3-xZnxO4) nanocomposites
and zinc partially substituted magnetite (FesxZnxOa4) NPs.

A series of GO—Fes.xZnxO4 nanocomposites with a zinc molar ratio (x) ranging from 0 to 0.4 were
synthesised through a precipitation-oxidation method [17, 22, 23] in the presence of graphene oxide
(GO). The x values were calculated based on the assumption that the amount of zinc being partially
substituted into magnetite (Fe3O4) corresponded to the molar ratio of Zn?* to Fe?* salt solutions used
in the synthesis method. For instance, by taking into account the GO-FezxZnxO4 with x=0.2, the
typical synthesis route is described as follows. Briefly, 62 mL of graphite oxide suspension (0.85 mg
mL1) was exfoliated under ultrasonication for 1 h to obtain an aqueous dispersion of GO. Then, 8.64
mmol of FeCls-6H20, 4.32 mmol of FeCl,-4H,0 and 0.86 mmol of Zn(NOs3).-6H>0 were dissolved
in 200 mL deionised water. After stirring for 30 min, this solution was heated to 90 °C. At this stage,
NH4OH solution was added dropwise into the heated solution until pH 4 was reached under constant
stirring. This was followed by the gradual addition of GO suspension into the heated mixture and

continuously stirred for another 30 min until homogeneously mixed.

Subsequently, an appropriate amount of NH4OH solution was continuously added dropwise into the
mixture until the pH reached a value of 11. The mixture was cooled to room temperature after being
aged for 1 h at 90 °C under constant stirring. The resulting black precipitate was magnetically
separated and washed three times with deionised water and ethanol and then dried at 60 °C for 48 h.
For comparison, the same procedure was employed to synthesise zinc partially substituted magnetite
NPs (FesxZnxO4) with different zinc molar ratios (x=0, 0.1, 0.2, 0.4) in the absence of GO solution.

7.2.3 Characterisation

The textural properties of the resultant samples were characterised by nitrogen sorption using a Tristar
11 3020 (Micromeritics). The specific surface area and pore volume were determined using Brunauer-
Emmett-Teller (BET) equation and the single point method. The pore size distribution curves were
calculated using non-local density functional theory (NLDFT), from the desorption branch of the
isotherms. The XRD patterns of nhanocomposites were obtained using X-ray diffraction by a Bruker
D8 Advance diffractometer at 40 kV, 40 mA and step size of 0.02° using a filtered Cu Ko radiation
(L = 1.5418 A). Thermogravimetric analysis was performed on a TGA-DSC 1 Thermogravimetric
Analyser (Mettler Toledo). The analysis was carried out by heating the samples from 30 to 800 °C at
a heating rate of 10 °C min~! under nitrogen atmosphere at a flow rate of 60 mL min~t. Surface
analysis was performed on a Kratos Axis ULTRA X-ray photoelectron spectrometer (XPS) equipped

with monochromatic Al Ka (hv = 1486.6 eV) radiation. The curve fitting was performed using a
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Gaussian—Lorentz peak shape and Shirley background function. The binding energy was calibrated
versus the carbon signal at 284.6 eV. The high resolution transmission electron microscopy
(HRTEM) and scanning transmission electron microscope-energy dispersive X-ray spectrometer
(STEM-EDS) elemental mappings were performed on JOEL 2010 operating at 200 kV, equipped
with an energy dispersive X-ray (EDS) detector. Samples were prepared by placing a drop of diluted

sample dispersion in ethanol onto a carbon-coated copper grid and air-dried prior to examination.

7.2.4 Catalytic activity measurements

The influence of zinc on the catalytic activity of GO—FezxZnxO4 nanocomposites and FesxZnxOs NPs
were tested in the heterogeneous and UV-assisted Fenton-like reaction for the oxidative degradation
of AO7. In brief, a similar procedure and reaction conditions (0.2 g L™ of catalyst, initial pH of 3, 22
mM of H,02 concentration and 35 mg L™* AO7 at 25 °C) were employed in the heterogeneous Fenton-
like reaction as described in our previous work (see Chapter 5) [3]. For the UV-assisted Fenton-like
reaction, the experiments were performed by using a custom made photocatalysis set-up equipped
with 4 x 8W UV-A lamps (Sylvania Blacklite F8 W/BL350, 330<A<370 nm) [24]. A 200 mL quartz
tube was placed in the centre of the set-up, which was surrounded by the 4 UV-A lamps fitted to the
wall of cylindrical lead-line chamber in concentric arrangement. The distance of quartz tube was
fixed at 10 cm from the UV lamps. In a typical experiment, 20 mg of nanocomposites and/or NPs
were added into the quartz tube consisting of 100 mL of 35 mg L't AO7 at initial pH solution of 3.
The mixed suspension was kept under constant air bubbling for 30 min of dark adsorption. The
reaction was initiated by turning on the UV lamps after the addition of H202 (22 mM) into the
suspension. Sampling was carried out periodically at selected time intervals. The collected suspension
was then filtered through 0.22 pm Milipore syringe filters and immediately analysed. The
concentration of AO7 was analysed by Evolution 220 UV-Vis spectrophotometer (Thermo Fisher
Scientific) at Amax 484 nm.

7.3 Characterisation Results

7.3.1 Nitrogen sorption

The textural properties of the synthesised samples were investigated using nitrogen sorption analysis
and results are shown in Figure 7.1. The nitrogen adsorption—desorption isotherms for the Fes.xZnxO4
NPs (Figure 7.1a) are of type IV with H2 hysteresis, indicating the formation of mesoporous
materials. Noticeable changes in the hysteresis loops of FesxZnxOs NPs are observed once the zinc

molar ratio (x) increases from 0.1 to 0.4, accompanied by the reduction of the total volume. The low
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x (0 and 0.1) are characterised by narrow hysteresis starting at P/Po= 0.6. This shape broadens for
x=0.2 and 0.4 whilst the hysteresis starting points are P/Po= 0.5 and 0.4, respectively. Although these
changes in morphology are related to a reduction in interparticle voids, these materials are essentially
mesoporous. This is further verified by the pore size distributions in Figure 7.1b, clearly indicating

the broadness of the pore size distribution reduces as the zinc molar ratio increases.
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Figure 7.1: Nitrogen adsorption-desorption isotherms and pore size distributions of Fez.xZnxOs NPs

(a, b) and GO-Fe3zxZnxO4 nanocomposites (c, d) at different zinc molar ratios (x).

The nitrogen adsorption—desorption isotherms for the GO—Fez.xZnxO4 nanocomposites (Figure 7.1c)
are also type IV with H2 hysteresis. However, the hysteresis loops for all samples start at P/P, < 0.4.
These results strongly suggest that once the Fes.xZnxOs NPs were immobilised onto GO sheets, their
morphology changes as compared to the morphology of the NPs in Figure 7.1la. In fact, the
GO-FesxZnxO4 nanocomposites consisted of more uniform and narrower pore size distributions
within the range of 1-10 nm (Figure 7.1d). The addition of GO and in-situ growth of Fe3xZnxO4 NPs
onto the GO sheets during the synthesis induced a reconstruction of the porous structure in

GO—Fe3-xZnxO4 nanocomposites increasing the microporosity, based on the volumes adsorbed at
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relative pressures below 0.2. This can be explained by the integration of a high aspect ratio two-

dimensional (GO sheets) and zero-dimensional (NPs) structures into a single material [2, 25].
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Figure 7.2: BET surface area (a) and pore volume (b) of FesxZnxOs NPs and GO—Fe3.xZnxO4

nanocomposites.

These results can be further supported by the greater than 58% increase in the specific surface area
(see Figure 7.2a) of the GO-FesxZnxOs nanocomposites (270-310 m? g*) compared to the
FesxZnxOa NPs (117-185 m? g1) which can be associated with the intercalation of GO within the
NPs. The effect of the zinc was only observed for Fes.xZnxO4 NPs as the specific area increased by
nearly 30% as zinc molar ratio (x) was varied from 0 to 0.4, though there were no appreciable
differences in the specific area of GO-FesxZnxO4 nanocomposites. The pore volumes for both
samples (Figure 7.2b) slightly decreased from 0.32 to 0.23 cm® gt and 0.29 to 0.21 cm?® gt in the
Fes-xZnxOs NPs and GO-Fes.xZnxO4 nanocomposites, respectively. Hence, increasing the amount of

zinc led to dense structures.

7.3.2 XRD

The XRD patterns of Fesz.xZnxO4 NPs and GO-FesxZnxO4 nanocomposites are displayed in Figure
7.3aand b, respectively. The diffraction peaks of FezxZnxO4 and GO-Fes.xZnxO4 were approximately
similar in both samples without zinc (x=0). The diffraction peaks at the 20 values of ca. 30.2°, 35.6°,
43.3°,53.6°, 57.4° and 63.1° were assigned to the (220), (311), (400), (422), (511) and (440) crystal
planes of Fe3O4 with spinel structure (JCPDS No. 19-0629). A slight peak shift of (311) planes
towards lower angle were observed (Figure 7.3a, b) with increasing the x values up to 0.4, thus

suggesting variations in the resultant crystal structure possibly due to the effect of zinc partial
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substitution into the FesOs spinel structure. Moreover, there was no visible secondary phase or
impurity peaks, thus clearly confirming that zinc was isomorphically substituted into the Fe3O4 crystal

structure. These results are in good agreement with reports elsewhere by Pati et al. [22] and Byrne et
al. [26].

a) b)
S = o N < o
N = o AN ~— <
N o 3 Te
- - X204
S 3
< &
z z
‘0 7}
2 c
2 2 -
c E x=0.1
=0
T T T T T T T T T T T T T T
10 20 30 40 50 60 70 10 20 30 40 50 60 70
2 Theta (Degree) 2 Theta (Degree)

Figure 7.3: XRD pattern of FesxZnxOs NPs (a) and GO—-FezxZnxO4 nanocomposites (b) at different

zinc molar ratio (X).

The crystal domain characteristics of (311) planes of both samples were summarised in Table 7.1.
The crystallite size of the samples reduces with increasing the zinc molar ratio (x) from 0 to 0.4.
Whereas a slight expansion in the interplanar spacing of (311) planes were found from 0.2519 to
0.2544 nm. These findings are attributed to a slight alteration in the spinel structural framework due
to the difference in ionic radius between iron (Fe?*, 0.645 A and Fe3*, 0.64A) [12, 16] and zinc (Zn?*,
0.74A) [22, 27] cations. However, it is interesting that the crystallite size calculated according to
Scherrer’s equation shows that by increasing the zinc molar ratio, the crystallite size reduces by 30%
(10.08 to 6.99 nm) for Fes.xZnxOs NPs and by 40% (7.39 to 4.43 nm) for GO—Fes3xZnxOa
nanocomposites. In addition, the GO containing samples also conferred ~32% smaller crystallite sizes

than non-GO samples, excluding a large variation of 56% for x=0.1.
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Table 7.1: Crystal domain characteristics of FesxZnxOs NPs and GO—FesxZnxO4 nanocomposites

Samples 20(311)plane spacing (NM) Crystallite size

(degree) (nm)
FesxZnx0a, X=0 35.64 0.2519 10.08
FesxZnx0a, Xx=0.1 35.57 0.2524 11.71
Fes-xZnx04, X=0.2 35.53 0.2526 8.34
Fes-xZnxO4, x=0.4 35.31 0.2543 6.99
GO—Fe3.xZnx0s, x=0 35.63 0.2519 7.39
GO-Fe3xZnx0O4, x=0.1 35.45 0.2531 5.16
GO-Fe3.xZnx0s, x=0.2 35.46 0.2529 5.73
GO-Fe3xZnx0O4, Xx=0.4 35.30 0.2544 4.43

7.3.3 Thermogravimetric analysis

Figure 7.4 presents the thermogravimetric-differential thermogravimetric (TG-DTG) curves of
Fes-xZnxOa NPs and GO-Fez.xZnxO4 nanocomposites in nitrogen atmosphere. Two mass loss patterns
were observed within 30150 °C and 150-400 °C for FezxZnxOs4 NPs (Figure 7.4a). The former
pattern is associated with the dehydration of physisorbed water on the surface of NPs, while the latter
is assigned to the dehydroxylation of surface hydroxyl groups. The mass loss in the dehydroxylation
process increases from 1.9 to 3.0% as the zinc molar ratio (x) increases from 0 to 0.4. This observation
corresponds well with the gradual increase in the dehydroxylation temperature as shown by the
respective DTG curves. The dehydroxylation temperature was found to be at 251, 271, 273 and
282 °C for x values of 0, 0.1, 0.2 and 0.4, respectively. The presence of surface hydroxyl groups were
mainly derived from the dissociation of the water molecules adsorbed on the oxygen defect sites
which can be correlated with the isomorphic partial substitution of zinc into the FesO4 structure [15,
18, 28]. These surface hydroxyl groups can significantly influence the surface properties of materials

[10, 16] and adsorption of pollutants within the vicinity of the active sites during catalysis [29].
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Figure 7.4: The TG and DTG curves of FesxZnxO4 NPs (a) and GO—Fe3xZnxO4 nanocomposites (b)
under nitrogen atmosphere at different dopant molar ratio (x)

Interestingly, the DTG curve of GO-FezxZnxO4 nanocomposites (Figure 7.4b) did not exhibit such a
distinct peak of hydroxylation temperature within 150—400 °C at zinc molar ratio (x) of less than 0.2.
A weak peak of higher hydroxylation temperature ~315 °C was only observed at x value of 0.4. Such
behaviour is attributed to the plausible stabilisation of GO—Fes.xZnxOs nanocomposites due to the
strong interaction [30] between the oxygenated functional groups of GO and Fez-xZnxOs NPs. This
stabilisation can be further substantiated with the higher temperature required for the decomposition

of GO from 426 to 443 °C with increasing zinc molar ratio (x).

7.34 XPS

The synthesised GO—-Fe3zxZnxO4 nanocomposites were further examined by XPS analysis. The wide
scan spectra of the nanocomposites (Figure 7.5a, except x=0) confirm the presence of Zn 2p
photoelectron peaks at binding energy of 1020 eV. As shown in Figure 7.5b, the spin-orbit doublet
centred at 1021.7 and 1044.8 eV corresponded to the Zn 2pz2 and Zn 2pas2, respectively. The observed
spin-orbit splitting between these two peaks was about 23 eV. These findings are in agreement with
those reported values of Zn?* state [27, 31-33].
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Figure 7.5: Wide scan XPS spectra (a), high resolution spectra of Zn 2p (b) and Fe 2p (c) of
GO—Fe3.xZnxO4 nanocomposites at different zinc molar ratio (x).

The photoelectron peaks at 711.1 and 724.6 eV in the high resolution Fe 2p scan (Figure 7.5c) were
attributed to Fe 2ps2 and Fe 2p12 of FesO4 [2, 34, 35]. The peak of Fe 2ps;» shift towards higher
binding energy from 711.1 to 711.9 eV and became less intense with the increase in zinc molar ratio
(x). These differences can be explained by the plausible changes in the electronic state of Fe and the
Fe—O bond after zinc was partially substituted into FesOa4. A similar observation was also reported by

Amrousse et al. [12] based on the effect of Co substitution into FesOs NPs.

The incorporation of zinc has slightly decreased the relative intensity of Fe—O peak as shown in O 1s
spectra (Figure 7.6a). Further decreases in the relative intensity of Fe—O peak at higher zinc molar
ratio (x) of more than 0.2 were also noted, which corresponds to nearly 15.9% reduction in its atomic
concentration as the x values increased from 0.2 to 0.4. A similar finding was observed with the

decrease in the relative intensity of C=C peak (Figure 7.6b), resulting in 11.7% reduction of the sp?
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carbon domain. This can be ascribed to the effect of zinc partial substitution into the FesO4 structure

which may affect the chemical interaction between the Fez.xZnxOs NPs and GO.
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Figure 7.6: XPS curve fit of O 1s (a) and C 1s (b) spectra of GO—Fes.xZnxO4 nanocomposites at

different dopant molar ratio (x).

The area of the deconvoluted peaks in Figure 7.6 were determined by a CasaXPS software to calculate

the concentration of carbon bound to carbon (C—C) as total of sp? and sp® carbon domain, and the

oxygenated functional groups of carbon bound to oxygen (C-O) as a total of C-O-C,
C-OH,C=0 and COO. The results are listed in Table 7.2, which shows that the C—C/ C-O ratio peaks

at 3.2 for x=0.2.
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Table 7.2: Deconvolution results of C 1s spectra for GO and GO—Fes.xZnxO4 nanocomposites.

Relative concentration of functional groups  Carbon  Carbon

0,
Group c=C CC (CA—tO—/Oci botli’nd botlcj’nd ((cc:_—((:)))/

3_2 o’ comn C=0 COO carbon oxygen

P o (C-C) (C-0)
Binding energy 284 6 285.1- 286.4—  287.9- 288.7- o o o
(eV) © o854 2858 2882 289.0
GO 481 25 42.1 51 22 507 493 1.0
S:C())_FE3'XZ”Xo“’ 597 132 151 5.9 61 730 271 27
S:Oo_lF €204 557 173 158 5.4 58 729 271 27
S:%_zF €204 651 143 154 41 42 763 237 3.2
S:Cz)fe?’*z”xo“’ 54.8 21.0 15.1 4.4 4.8 75.8 24.2 3.1

7.3.5 HRTEM and STEM-EDS

Figure 7.7 shows the HRTEM images of the GO-FesxZnxOs nanocomposites. There were no
significant differences in the morphology in both nanocomposites with x=0 and x=0.2. It was found
that large amounts of FesO4 and FesxZnxOs4 NPs were dispersed throughout the surface of GO sheets
(Figure 7.7a and c). From the magnified images indicated in Figure 7.7b and d, high density of
roughly spherical NPs with diameters of about 10—15 nm were observed to be anchored on GO sheets.
Furthermore, the inset HRTEM images revealed that the interplanar spacing of the lattice fringes was
0.25 nm that corresponded well to the (311) planes of both Fe3Os and Fes.xZnxO4. These findings are

in agreement with the previous XRD analysis.

The presence of zinc in the nanocomposites were examined by STEM-EDS elemental mapping. As
displayed in Figure 7.8a—c and e—g, the elements of Fe and O were detected and dispersed throughout
the surface of both nanocomposite matrices, while the zinc was only observed as white dots in
Figure 7.8h (GO—-Fe3.xZnx04, x=0.2) but not in Figure 7.8d (GO—Fe3.xZnxO4, x=0). Thus, these results
further confirm the presence of zinc in GO-FezxZnxO4 nanocomposites, which are in accordance with

the above TEM observations.
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Figure 7.7: HRTEM images of GO—Fes.xZnxO4 nanocomposites at x=0 (a, ¢) and x=0.2 (c, d).

Figure 7.8: STEM images of GO-Fes.xZnxO4 nanocomposites at x=0 (a) and x=0.2 (e) with their
corresponding EDS elemental mapping of Fe (b, ), O (c, g) and Zn (d, h).
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7.4  Catalytic activity results

Oxidative degradation of AO7 in the presence of H>O. was used as a model system to quantitatively
evaluate the catalytic activity of the synthesised samples. Initially, the samples were analysed for the
heterogeneous Fenton-like reaction in order to investigate whether the partial substitution of zinc was
beneficial or detrimental towards the oxidative degradation of AO7. Figure 7.9 shows the removal
efficiency of AO7 as a function of the zinc molar ratio (x). These results clearly indicated that altering
the amount of zinc in the Fes.xZnxO4 NPs did not affect their catalytic activity, which remained

constant at ~30% (+2%) as the x values varied from 0 to 0.4.

On the other hand, a pronounced increase in the catalytic performance was observed when GO is
incorporated as a catalyst support, forming the GO—FesxZnxOs nanocomposites. The removal
efficiency of AO7 increased from 50% at x=0 and peaked at 72% for x=0.2. However, a decline in
removal efficiency to ~52% was observed at an excess zinc molar ratio of x=0.4, which is similar to
the samples without zinc (x=0). Nevertheless, the enhancement of the catalytic performance is clearly
attributed to the effect of GO.
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Figure 7.9: The AO7 removal efficiency by GO-Fes3.xZnxO4 nanocomposites and Fes.xZnxO4 NPs at
different zinc molar ratio (x) in the heterogeneous Fenton-like. Experimental conditions: AO7 35
mg L%, H202 22 mM, catalyst 0.2 g L%, T = 25 °C, pH 3 and 180 min of reaction, which were the

optimised conditions as per Chapter 5.
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Further evaluation on the catalytic performance of the nanocomposites were performed in the UV-
assisted heterogeneous Fenton-like reaction, particularly to test the hypothesis of the partial
substitution of zinc into FezO4 structure to promote improvements in the catalytic activity. The results
in Figure 7.10 show a completely different set of values for the samples with and without GO. First,
the UV-assisted reaction was positive as it increased the catalytic activity for the
Fes-xZnxOs NPs by comparing Figures 7.9 and 7.10. For instance, AO7 degradation improved from
~30% at 180 min to 47% and 52% at 90 min for x=0 and x=0.2, respectively. The overall
improvement of the AO7 degradation is modest at 5% (from 47 to 52%), though it proves that zinc
has slightly improved the catalytic activity of the resultant NPs.
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Figure 7.10: The AO7 removal efficiency by GO—Fes.xZnxO4 nanocomposites and Fez-xZnxOs NPs
at different zinc molar ratio (x) in the UV-assisted heterogeneous Fenton-like reaction. Experimental
conditions: AO7 35 mg L, H,02 22 mM, catalyst 0.2 g L%, pH 3, 4 x 8W UV-A and 90 min of

reaction.

Let us now consider the catalysts containing GO. As observed in Figure 7.10 a significant
enhancement in efficiency occurred within the first 60 min of UV-irradiation. Of particular attention,
the AO7 degradation increased to 65% (x=0) and peaked at 80% (x=0.2), thus clearly showing that
(i) a higher catalytic activity is achieved for the partially substituted zinc nanocomposites and (ii)

UV-assisted process also enhanced the heteregeneous Fenton-like reaction as compared with the
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lower non UV-assisted AO7 degradation values observed in Figure 7.9. It is also very interesting to
note that the AO7 degradation goes almost to completion at ~98% at 120 min for all samples tested

under UV-assisted conditions.

Table 7.3: The rate constants of GO—Fes-xZnxO4 nanocomposites in both heterogeneous and UV-

assisted Fenton-like reactions

Heterogeneous Fenton-like UV-assisted heterogeneous
reaction Fenton-like reaction
Sample
Kinetic constant, Kinetic constant,
R? R?
k (min™1) k (min™1)
GO—Fe3-xZnx0a4, x=0 0.0054 0.9379 0.0367 0.9304
GO-Fe3xZnx0s, x=0.1 0.0083 0.9773 0.0399 0.9375
GO—Fe3xZnx0a, x=0.2 0.0119 0.9331 0.0450 0.9516
GO-Fe3xZnx0as, x=0.4 0.0062 0.9287 0.0358 0.9367
FeaxZnxOs, Xx=0 0.0023 0.9482 0.0092 0.9521
FezxZnxOa, x=0.2 0.0024 0.9601 0.0102 0.9512

Further analyses of results suggest that the oxidative degradation of AO7 using GO—Fe3.xZnxOa
nanocomposites fitted well the pseudo-first-order reaction kinetics (R? > 0.93) as summarised in
Table 7.3. From the data, it can be inferred that the catalytic activity of the nanocomposites were
highly dependent on the presence of GO as a catalyst support, whereas faster AO7 oxidative
degradation was attained in the presence of UV-irradiation during the heterogeneous Fenton-like
reaction. The increase in photocatalytic activity is attributed to the combined effect between the GO
and also the partial substitution of zinc into the FesO4 structure, which improved the photoresponse
of FesO4 [36] by preventing direct recombination of photo induced electrons and holes during
catalysis [37-39] as evidenced in the UV-vis diffuse reflectance spectroscopy analysis (UV—-vis DRS)
shown in Figure S1 and Table S2 (see Supplementary Information in Appendix D). The fast reaction

rate at x=0.2 is addressed in more detail in the discussion section below.

7.5 Discussion

One important point to observe is the AO7 degradation efficiency of ~30% (Figure 7.9) is low

compared with ~76% for FesOs NPs in Chapter 4. However, it is not the case that the partial
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substitution of zinc into FesxZnxO4 NPs is proving to be detrimental. This is mainly attributed to the
changes in the synthesis methods. For instance, in this work the synthesis was carried at 90 °C and
using NH4OH as the precipitating agent. The synthesis of the catalysts in Chapter 4 was carried out
at room temperature and using NaOH. As a different precipitating agent and temperature conditions
were used, this led to different growth of NPs being deposited onto the GO sheets, which can be
correlated with the dominant effect of Ostwald ripening phenomena during the synthesis. As an
example, larger particle (10-15 nm) growth of Fe3Os were observed (Figure 7.7a,b) in
GO—Fe3-xZnxO4 as compared to GO—Fez04 (<10 nm) in Chapter 4. Further, surface areas are much
lower in this work for Fes0s NPs of 140 m? g as compared with that in Chapter 4 of 289 m? g,
Hence, the synthesis method used in this work led to the formation of different morphologies with
lower surface area which explains the reduction in catalytic activity. However, this synthesis method

was important to incorporate zinc into the FezOa catalysts.

A major finding of this work is the effect conferred by GO in significantly improving the catalytic
activity of the nanocomposites, whether as in UV-assisted heterogeneous reaction or not. This is
clearly evidenced by the results in Figures. 7.9 and 7.10. Hence, the discussion from hereon is
focussed on the GO—Fes.xZnxO4 nanocomposites only. Again it must be pointed out that the surface
areas of the GO—Fes.xZnx04 (~300 m? g 1) are lower than that of GO—FesO4 (374 m? g1) in Chapter

4, and the arguments on the reduction of catalytic activity are the same.

It is noteworthy that the highest catalytic activity was found to be at zinc molar ratio of x=0.2 for both
non-UV and UV-assisted heterogeneous Fenton-like reaction, resulting in overall rate constants (k)
of 0.0119 and 0.0450 min~! (Table 7.3). In principle, there are no significant variations in surface
areas (Figure 7.2a) as zinc molar ratio (x) varies between 0 and 0.4 to justify the AO7 degradation
peaking at x=0.2 and then reducing at x=0.4. There is a small reduction in pore volume (Figure 7.2b)
though the resultant nanocomposites are mesoporous in nature, so there is no foreseeable hindrance
for AO7 to access active sites in the catalysts. For these reasons, the structure of the nanocomposites
does not explain the catalytic activity peaking at x=0.2, and then reducing. In fact, the catalytic
activity is almost similar for x=0 and x=0.4. Hence, there are other factors affecting the catalytic
degradation of AO7.

Another morphological change is the reduction of the crystallite size from x=0 to x=0.2 as listed in
Table 7.1, though there are small values for x=0.1 and x=0.4. In principle, the reduction of the
crystallite size should translate into improving the catalytic activity to a certain degree. It is not
possible to say with a high degree of certainty that the crystallite sizes for x=0.1 (5.16 nm) and x=0.4
(4.43 nm), which are slightly lower as compared to x=0.2 (5.73 nm), confer a reduction in the kinetics
of the catalytic activity.
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So far the variations of the morphological features are not significant to justify the peaking of the
AO7 degration at x=0.2. Therefore, another avenue for this justification should be sought based on
the chemical functionalities conferred by the nanocomposites. Due to the photoluminescence
properties of zinc, the nanocomposites were analysed by UV-vis. By comparing to the spectra of
FesxZnxO4 NPs (x=0 and 0.2) in Figure Sla (see Supplementary Information in Appendix D), all the
GO—Fe3-xZnxO4 nanocomposites exhibited strong absorption in the visible-light region within 580
800 nm. These changes may be ascribed to the narrower band gap of the catalyst. It can be anticipated
the formation of shallow defect states in the Fes.xZnxO4 surface or inter-surface due to metal oxide
particle immobilisation onto GO sheets via the strong interfacial interactions (Fe—O—C bonds). Defect
states into the Fes.xZnxO4 band gap create shallow trap states thus facilitating the photogeneration of
electrons from lower-energy photons as reported elsewhere [40]. As can be seen from both Figure
S1b and Table S2 (see Supplementary Information in Appendix D), the GO—Fe3xZnxO4 at x=0.2
possessed the narrowest band gap energy (Eq= 1.90 eV) amongst others. Therefore, narrowing the Egq
as well as in the presence of some shallow trap states enables the higher production efficiency of
electrons and holes while preventing them from direct recombination during photocatalysis [37-39].
With respect to XPS, the Fe—O and Zn-O binding energies are overlapping at 530 eV. In fact, the
binding energy of iron oxide and zinc oxide is at 711 and 1021.7 eV and any relationship between
these elements cannot be drawn. However, the XPS measurements for all GO-Fe3xZnxOs
nanocomposites show that the sp? carbon were within 59.7% (x=0) and 54.8% (x=0.4). This may be

ascribed to the decreased reduction in GO with the incorporation of zinc during the synthesis.

Such results can be further corroborated with the deconvolution results of the C 1s spectra as shown
in Table 7.2, which clearly shows that the C—C/ C-O ratio increased from 1.0 (pure GO) to 2.7 (x=0),
peaking at 3.2 (x=0.2) and reducing to 3.1 (x=0.4). There are two important points for discussion
here. First, the same ratio in Chapter 4 for GO—Fe3O4 was close to 4, which is higher than in this
work. This means that the state of GO in GO-FesxZnxO4 is not effectively being reduced when
exposed to weak bases (NH4OH) in this work as compared to NaOH in Chapter 4. These findings
correlate well with reports from Fan et al. [41] and Chen et al. [42] on the reduction of GO in strong
basic solutions (NaOH and KOH) in the absence of the typical reducing agents. The second point
relates to the fact that the C—-C/ C-O ratio peaking at 3.2 (x=0.2) is mainly associated with the
contribution of sp? carbon domain (C=C) at binding energy of 284.6 eV (Figure 7.6) which intensifies
at x=0.2, and then decreases at x=0.4. The change in C—C/ C-O ratio may affect the electron transfer
between GO and NPs as per major findings in Chapter 4 and 6. Hence, it is plausible to argue that the
improvement of the reaction kinetics of the partially substituted zinc nanocomposites at x=0.2 as

determined in Table 7.3 is associated with a high concentration of sp? carbon domains. As such,
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GO—Fe3-xZnxO4 nanocomposites containing a zinc molar ratio (x) of 0.2 conferred the efficient
regeneration of the Fenton active species in producing more HO* radicals under the UV-assisted

reaction to oxidise AO?7.

It is also possible to argue that the covalent interaction between Zn—O—Fe and GO could be enhanced
for x=0.2, thus delivering the highest catalytic activity. It was shown in Chapter 4 that the covalent
bond between GO and Fe—O (proved by XPS) improved the electron transfer in the Fenton-like
reaction. As ZnO is a semiconductor which has the ability to partially reduce the GO [43] under UV
radiation, it is plausible to consider that the ZnO modulate the electron transfer via the nanocomposite.
This modulation is based on the assumption that zinc has fully incorporated into the FesO4, which is
evident in the XRD patterns (Figure 7.3). This modulation improves the reaction kinetics up to x=0.2
and then decreases thereafter. Nevertheless, the chemical bonds and structures could not be clearly
ascertained in this work by all the techniques used (XRD and XPS). Therefore, a higher level of
characterisation is required such as using synchrotron light. For instance, XAS (x-ray absorption
spectroscopy) analyses may determine quantitatively the oxidation state and coordination

environment of the nanocomposites as Zn—0 and/or Zn—O-Fe.

7.6 Conclusions

A series of GO-Fes.xZnxO4 nanocomposites with different zinc concentration were prepared through
a facile precipitation-oxidation method in the presence of GO. The partial substitution of zinc into
the Fe3O4 was confirmed by the combined characterisation using XRD, TG-DTG, XPS, and STEM-
EDS analysis. There was no visible formation of secondary phase or impurity peaks in the
nanocomposites, indicating the partial substitution of zinc into the Fe3O4 crystal structure with a good
dispersion within the FesO4 matrix. The reaction kinetics peaked at a zinc molar ratio (x) of 0.2 for
GO-Fe3xZnxO4 nanocomposites towards the AO7’s oxidative degradation in both heterogeneous and
UV-assisted Fenton-like reactions. Such improvement could not be attributed to the morphology as
no significant structural changes were observed. However, it was found that C—C/ C-O ratio peaked
at 3.2 (x=0.2), which is mainly associated with the sp? carbon domain contribution (C=C) at binding
energy of 284.6 eV. The higher amount of the sp? carbon domain on the GO basal planes leads to an
effective electron transfer between the GO and zinc partially substituted magnetite NPs. Nevertheless,
the GO structure has been found to significantly increase the oxidative degradation of AO7 (by 30%
or more) and also the reaction kinetics, thus conferring faster regeneration of the Fenton active species
in producing more HO* radicals for the degradation of AO7 under both heterogeneous and UV-

assisted Fenton-like reactions. GO played a major role in modulating the overall catalytic activity of
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nanocomposites, since the zinc only provides minor effect towards the catalytic performance for

oxidative degradation of AO7.
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Chapter 8

Conclusions and recommendations

8.1 Conclusions

This thesis focused on the development of GO-Fe3Os nanocomposites as an alternative
heterogeneous Fenton-like catalyst for the oxidative degradation of synthetic dye. In particular, this
thesis endeavoured to investigate the synergistic structural and functional effects of GO—Fe304
nanocomposites. To this end, GO loading was systematically investigated to understand the novel
structural formation and physicochemical properties of the resultant nanocomposites. In addition, the
GO-Fe304 nanocomposites were comprehensively tested to determine their overall catalytic
performance, and compared under the same reaction conditions against conventional Fe3O4

nanoparticles (NPs) and GO as the catalyst support.

The first key finding of this thesis was that GO proved to be a promising catalyst support for
immobilisation of FezO4 NPs. For instance, GO—Fe304 nanocomposites resulted in superior catalytic
performance for the degradation of a textile dye pollutant, acid orange 7 (AQ7), in the heterogeneous
Fenton-like reaction as compared to the control catalysts of FesOs NPs and GO sheets. This was
attributed to the good dispersion of FesO4 NPs onto GO sheets as well as the synergistic effect of GO
on the pre-concentration of AO7 within the vicinity of active sites (=Fe*"/ =Fe*") to be further

oxidised by the generated HO* radicals during catalysis.

The first contribution to knowledge of this thesis was that the synergistic interaction between GO and
Fe304 NPs led to the formation of two distinct structures with different catalytic activities. The first
structure corresponded to a low GO loading up to 10 wt%, which prevented the aggregation of the
Fe304 NPs and the stacking of GO sheets, resulting in a desirable structure with higher surface area
up to 409 m? g1, The second structure was correlated with the deposition of FesO4 NPs mainly onto
the exterior surface of GO which stacked at higher GO loading (>10 wt%). It was found that the low
GO loading nanocomposites led to higher AO7 degradation (92-98%) owing to the high surface area
and pore volume, which enhanced the mass transfer of reactants towards the active sites (=Fe?*/
=Fe3"). Contrary to these results, the removal efficiency of AO7 at higher GO loading gradually
declined from 88 to 60%.
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Further investigations based on the GO(5wt%)—Fe3Os nanocomposites with best catalytic activity
demonstrated that optimal operational conditions were found to be at the catalyst dosage of
0.2 g L%, initial pH of 3 and 22 mM of H,0O- concentration at 298 K. In fact, there were no significant
differences (except for temperature) on the optimal conditions between the one-parameter-at-a-time
and the global optimisation method by using response surface methodology. The high coefficient
value (0.9742) of the derived quadratics model indicated the high correlation between the
experimental and predicted values. The oxidative degradation of AO7 can be well described by a
pseudo-first-order Kinetic through the Langmuir—Hinshelwood mechanism which is dominated by the

rate of intrinsic chemical reactions on the surface of active sites rather than the rate of mass transfer.

Another key finding is that the GO—Fe30O4 nanocomposites demonstrated superior catalytic activity
and stability by sustaining nearly 98% of AO7 removal with insignificant iron leaching over seven
consecutive cycles of heterogeneous Fenton-like reaction. This performance is far superior as
compared to conventional FesO4 NPs which deactivated very quickly leading to barely discernible
removal of AO7 (~0%) at the fifth cycle onwards. A key second contribution of this thesis is the
postulation that this superior stability is attributed to the donor-acceptor synergistic interaction
between the GO sheets and the immobilised FezO4 NPs. This was proven by the key finding that the
Fe3*/Fe?* ratio of the GO-Fes0. was maintained during the reactions contrary to that of FesO4 NPs.
This vital property of the donor-acceptor mechanism confers the spontaneous reduction of =Fe®* to
regenerate into =Fe?* which is actively participating in the decomposition of H.O; into HO» radicals.
This postulation was further supported by another key finding related to electron transfer between

GO and oxidised active sites (=Fe*") via Fe—O—C bonds based on GO’s slight oxidation.

The last contribution of this thesis was demonstrated by the fact that GO also contributed significantly
UV-assisted Fenton-like reactions. Although samples were too dark in hue to undertake UV-vis
analysis, GO loaded catalysts improved the oxidative degradation of AO7 by ~30% or more as
compared to samples without GO. Interestingly, even samples containing photo-luminescent zinc as
GO-Fes3xZnxO4 (0< x< 0.4) provided minor catalytic activity improvement only. The catalytic kinetic
activity peaked for x=0.2 samples, which was attributed to the higher sp? carbon domain on the basal
plane, responsible for the transference of electrons from the GO to the catalyst nanoparticles.

8.2 Recommendations for future work

This research has shown the potential of using GO-Fe30s nanocomposites as an alternative
heterogeneous Fenton-like catalyst based on their superior catalytic activity and stability for the
oxidative degradation of AO7. Therefore, recommendations for future work follows below.
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There are a large number of pollutants in wastewaters which are recalcitrant and very difficult to be
destroyed even by advanced oxidation technologies. These include caffeine, carbamazepine,
diclofenac, codeine, sulfamethoxazole and bisphenol A. Hence, there is a window of opportunity to

investigate the use of GO loaded catalyst to treat wastewaters containing these recalcitrant pollutants.

The key finding of the GO effect in the UV-assisted heterogeneous Fenton-like reaction was
unexpected. Additionally, the catalytic activity for the GO-Fes.xZnxO4 nanocomposites could be
associated with Zn—O-Fe and GO chemical bonds and structures which could not be clearly
ascertained in this work by all the techniques used (XRD and XPS). Therefore, a higher level of
characterisation is required such as using synchrotron light such as XAS (X-ray absorption

spectroscopy) analyses.
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Appendix

Appendix A - Supplementary Information (Chapter 3)

Detailed correction for minor mistakes on published papers

Chapter 3
Section 1. Introduction, Page 37

The third sentence in the introduction section and its reference have been revised as follows:

More importantly, these wastewaters are considered to be carcinogenic, mutagenic and toxic once
certain concentration levels are reached depending on the types of dye presence.’

Revised reference

[3] A. Gottlieb, C. Shaw, A. Smith, A. Wheatley, S. Forsythe, The toxicity of textile reactive
azo dyes after hydrolysis and decolourisation, J. Biotechnol. 101 (2003) 49-56.



Appendix

Page | 106

Appendix B - Supplementary Information (Chapter 5)

Supplementary Information

Optimisation of graphene oxide-iron oxide nanocomposite in heterogeneous Fenton-like

oxidation of Acid Orange 7

Nor Aida Zubir'2, Christelle Yacou?, Xiwang Zhang? and Jo3o C. Diniz da Costa!*

1The University of Queensland, FIMLab—Films and Inorganic Membrane Laboratory, School of

Chemical Engineering, Brisbane, Qld 4072, Australia
2Universiti Teknologi MARA (UiTM), Faculty of Chemical Engineering, 13500 Pulau Pinang,

Malaysia

3Department of Chemical Engineering, Monash University, Clayton Vic 3800, Australia

*Email Id of Corresponding Author: j.dacosta@ug.edu.au

Table S1. The ko»s and decolourisation rate of AO7 at different dye initial concentration in

heterogeneous Fenton-like reaction.

Ca070 (mg L1) kobs(minl)  Decolourisation of AO7 (%) R?
15 0.039 99.71 0.9415
25 0.029 99.07 0.9875
35 0.022 97.82 0.9890
45 0.015 92.28 0.9898
55 0.013 81.39 0.9803
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Fig. S1. Adsorption isotherms of GO—Fe304 nanocomposite using (a) Langmuir and (b) Freundlich

models

Table S2. Adsorption isotherms parameters for AO7 removal by GO—Fe304 hanocomposite

Langmuir Freundlich
gm(mgg®) Ki(Lmg?) R? ke(mgg?) n R?
163.934 1.109 0.9937 1.933 4.281 0.9325
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Table S3. FCCD design matrix of the chosen parameters with corresponding responses.

Parameters Code Unit Level
(Factors) Low (-1) Centre (0) High (+1)
Dosage A gLt 0.15 0.20 0.25
pH B - 2.5 3.0 3.5
Temperature C K 298 313 328
Parameters Degradation of AO7 (%)
Run A B C Experiment  Predicted
1 -1 -1 -1 79.35 80.55
2 +1 -1 -1 79.64 80.86
3 -1 +1 -1 59.84 60.98
4 +1 +1 -1 62.01 62.83
5 -1 -1 +1 77.33 77.00
6 +1 -1 +1 87.11 86.46
7 -1 +1 +1 70.75 70.02
8 +1 +1 +1 81.72 81.01
9 -1 0 0 92.50 91.21
10 +1 0 0 97.54 96.86
11 0 -1 0 84.15 82.71
12 0 +1 0 70.73 70.20
13 0 0 -1 96.97 92.60
14 0 0 +1 97.51 99.92
15 0 0 0 92.22 95.89
16 0 0 0 97.74 95.89
17 0 0 0 93.08 95.89
18 0 0 0 93.14 95.89
19 0 0 0 97.74 95.89
20 0 0 0 97.51 95.89
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Table S4. ANOVA for the derived response surface quadratic model.
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Source Sum of Degree of  Mean F-Value Prob.>F Comment
squares freedom square

Model 2803.80 9 311.53 41.95 <0.0001 Significant

A-Dosage 79.81 1 79.81 10.75 0.0083

B-pH 391.00 1 391.00 52.65 < 0.0001

C-Temperature 134.03 1 134.03 18.05 0.0017

AB 1.18 1 1.18 0.16 0.6988

AC 41.82 1 41.82 5.63 0.0391

BC 79.19 1 79.19 10.66 0.0085

A? 9.48 1 9.48 1.28 0.2850

B2 1038.87 1 1038.87  139.89 < 0.0001

C? 0.36 1 0.36 0.049 0.8293

Residual 74.26 10 7.43
Lackof Fit ~ 38.42 5 7.68 107 04707 sign'\i'f‘i’éam
Pure Error 35.85 5 7.17

Note: R? = 0.9742; Adjusted R? = 0.9510
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Appendix C - Supplementary Information (Chapter 6)

Table S1. Atomic concentration (%) of sp? carbon domain in GO—Fe304 nanocomposites before

and after long-term stability test.

Atomic concentration (%)

Reduction percentage of

Cycles _
of sp? carbon sp? carbon domain (%)
0 61.40 0.00
1 60.95 0.73
3 53.31 13.18
5 51.62 15.93
7 49.91 18.71

Table S2. AO7 removal efficiency for the long-term stability test using GO-Fe30O4 nanocomposites

and Fe3O4 NPs in the heterogeneous Fenton-like reaction.

AO7 removal efficiency (%)

Cycle
GO—Fe304 Fe304
1 96.13 £0.81 69.96 £ 2.92
2 98.07 £1.62 54.74+£5.09
3 98.73 £ 0.65 51.78 £ 7.72
4 98.67 £1.13 10.05+ 2.19
5 98.64 £0.73 0.71+851
6 98.63 + 1.77 No removal
7 98.93 +£0.98 No Removal
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Table S3. Leaching of iron (Fe) during long-term stability testing.

Cycles Fe leached into solution Percentage of Fe leached from
(ppm) GO-Fe304 " (%)
1 0.165 0.09
3 0.340 0.18
S 0.553 0.29
7 0.723 0.38

*based on the total Fe initially present in the GO—Fe304 nanocomposites

GO-Fe,0,

Intensity (a.u.)

Spent GO-Fe O,
(7 cycles)

10 20 30 40 50 60 70 I 80
2 Theta (Degree)

Fig. S1. XRD patterns of pristine and spent GO—Fe304 hanocomposites after long-term stability test.
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Appendix D - Supplementary Information (Chapter 7)

Table S1. The AO7 removal efficiency (%) of GO—FesxZnxO4 nanocomposites in the UV-assisted
Fenton-like reactions.

AO7 removal efficiency (%)

Sample 60 min 90 min
GO-FesxZnxO4, x=0 65.22 95.69
GO—FesxZnx0s, x=0.1 72.40 95.57
GO-Fe3xZnx0s, x=0.2 80.07 97.30
GO-FesxZnx04, x=0.4 68.12 93.87
Fes.xZnxOs, x=0 32.12 47.21
Fe3xZnxOs, x=0.2 34.27 52.05
Blank (without catalyst) 0.68 1.31

Remarks:
Experimental conditions: AO7 0.1 mM, H20, 22 mM, catalyst 0.2 g L%, pH 3, 4 x 8W UV-A

Table S2. The bandgap energies of FesxZnxOs NPs and GO—Fez xZnxO4 nanocomposites.

Samples BandEg;[()ee\J;\)ergy,
GO-Fe3xZnx04, x=0 1.92
GO-Fes3xZnx0s4, x=0.1 1.91
GO-Fes3xZnx04, x=0.2 1.90
GO-Fe3xZnx0s, x=0.4 1.93
FesxZnxOa, X=0 1.95

FesxZnx0a, X=0.2 1.94
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Figure S1. (a) UV-vis diffuse reflectance spectra of Fes.xZnxOs NPs and GO—Fes3xZnxOs

nanocomposites and (b) the plot of Kubelka-Munk function against the photon energy.





