Synthesis and application of multifunctional iron oxide-graphene

oxide nanocomposite materials for sulfur pollutant removal

Amanda Ineza Mugisha

A thesis submitted in partial fulfillment of the requirements for the

Master of Applied Science degree in Chemical Engineering

Department of Chemical and Biological Engineering
Faculty of Engineering
University of Ottawa
August 2024

© Amanda Ineza Mugisha, Ottawa, Canada, 2024



Abstract

Sulfur pollution mainly comes from the utilization of fossil fuels, which contain sulfur
compounds such as thiol, sulfide, and thiophene. Their combustion releases in the atmosphere
sulfur dioxide (SO>), a toxic gas harmful to both the environment and human health. Petroleum
refineries also generate wastewater with reactive and odorous sulfide compounds. To address these
issues, this work proposes the synthesis of a multifunctional composite material consisting of
graphene oxide (GO)-iron oxide. This material is proposed to be used as an adsorbent for the
capture of gaseous SO» at room temperature and as a catalyst for the oxidation of organic sulfide
compounds to sulfone and sulfoxide, applicable in fuel desulfurization or wastewater treatment
processes.

The properties and SO, capture capacities of GO-iron oxide material, obtained from the wet
deposition of iron oxide nanoparticles on GO, were evaluated by studying the impact of different
nanoparticle synthesis preparations. Three different methods were used: a polyol method and two
co-precipitation methods, using either sodium hydroxide (NaOH) or ammonium hydroxide
(NH4OH) as reducing agents. The deposition of iron nanoparticles on the GO surface was
confirmed through transmission electron microscopy (TEM), showing dispersed and round-shaped
nanoparticles of less than 10 nm. In all cases, iron was mostly found in the Fe** oxidation state.
However, the final iron content in the GO-iron oxide materials after wet deposition was different
for each nanoparticle synthesis method, as indicated by Inductively coupled plasma atomic
emission spectroscopy (ICP-OES) analysis. The breakthrough curves and the capacity calculations
showed that the material containing nanoparticles from NH4OH reduction had the highest capture
capacity (3.1 mg SO2/gsoment), five times greater than pristine GO. However, the SO capture
capacities based on iron content were respectively 114.1, 207.0, and 207.2 mg SO2/gre for
GOFe203-polyol, GOFe;03-NaOH, and GOFe203-NH4, suggesting that both the type and
concentration of nanoparticles influence the capacity. Additionally, based on X-ray photoelectron
spectroscopy (XPS) analysis, it was suggested that the adsorbed SO, might interact with iron oxide
or directly to the surface of GO. The regeneration tests indicated incomplete desorption at 100°C,
with capture capacity decreasing after the first cycle and stabilizing after the second cycle.

The catalytic activity of GO-iron oxide was also tested at 50°C using thioanisole as organic
sulfide. In this case, iron magnetite nanoparticles were synthesized using co-precipitation and

deposited on GO through wet deposition as well. The addition of magnetite was confirmed through



TEM, Fourier-transform infrared spectroscopy (FTIR), UV absorption, and X-ray powder
diffraction (XRD). GO-Fe;Os presented interesting catalytic activity with the oxidation of
thioanisole to heavy sulfone compounds with 64.2% conversion. The addition of H20. increases
the conversion to 92.8%. The photocatalytic activity of the material was accessed using UV,
sunlight, and visible light in the absence of H20,. UV light promotes the highest conversion with
89.6% followed by sunlight (77.7%) and visible light (75.2%).

These results suggest that graphene oxide-iron oxide has potential for SO, adsorption and
catalytic oxidation of organic sulfide compounds. However, further optimization of the system and
material is necessary for a more comprehensive evaluation. For instance, multiple regeneration
cycles in the case of SO, capture have to be done to ensure the material's capacity stability over
time. Additional analyses, such as XRD and high-resolution transmission electron microscopy
(HR-TEM), are required to confirm the exclusive presence of Fe>Os. Increasing the iron
concentration could facilitate the use of XPS to identify the interaction of SO, with the material.
Finally, studying the effect of the nanoparticle size in the case of organic sulfide oxidation could
enhance the photocatalytic activity of the GO-Fe,O3z material under low-energy light sources like

visible light.
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Résumé

La pollution par le soufre provient principalement de I'utilisation de combustibles fossiles, qui
contiennent des composés soufrés tels que le thiol, le sulfure et le thiophéne. Leur combustion
libere dans I'atmosphere du dioxyde de soufre (SO2), un gaz toxique nocif pour I'environnement et
la santé humaine. Les raffineries de pétrole génerent également des eaux usées contenant des
composés sulfureux réactifs et odorants. Pour répondre a ces problémes, ce travail propose la
synthése d'un matériau multifonctionnel composé d'oxyde de graphéne (GO) et d'oxyde de fer. Ce
matériau est proposé pour étre utilisé comme adsorbant pour la capture du SO» gazeux a
température ambiante et comme catalyseur pour l'oxydation des composés sulfureux organique en
sulfone et sulfoxide, applicable dans les processus de désulfuration des combustibles ou de
traitement des eaux usées.

Les propriétés et les capacités de capture du SO2 du matériau GO-oxyde de fer, obtenu par
dépbt humide de nanoparticules d'oxyde de fer sur le GO, ont éte évaluéees en étudiant I'impact de
différentes méthodes de synthese de nanoparticules. Trois méthodes différentes ont été utilisées :
une methode polyol et deux méthodes de co-précipitation, utilisant soit de I'nydroxyde de sodium
(NaOH) soit de I'hydroxyde d'ammonium (NH4OH) comme agents reducteurs. Le dépot de
nanoparticules de fer sur la surface du GO a été confirmé par microscopie électronique a
transmission (TEM), montrant des nanoparticules dispersées et de forme ronde de moins de 10 nm
pour les nanoparticules de co-précipitation. Dans tous les cas, le fer se trouvait principalement a
I'état d'oxydation Fes+. Cependant, la teneur finale en fer dans les matériaux GO-oxyde de fer apres
dépbt humide variait selon chaque méthode de synthese de nanoparticules, comme l'indique
I'analyse par spectrométrie d'émission atomique a plasma inductif (ICP-OES). Les courbes de
percée et les calculs de capacité ont montré que le matériau contenant les nanoparticles proveant
de la réduction avec NH4OH avait la plus grande capacité de capture (3.1 mg SO2/Qadsorbant), Cing
fois supérieure a celle du GO pur. Cependant, les capacités de capture du SO basées sur la teneur
en fer étaient respectivement de 114.1, 207.0 et 207.2 mg SO2/gre pour GOFe;Os-polyol,
GOFe»03-NaOH et GOFe203-NH4, suggérant que le type et la concentration des nanoparticules
influencent la capacité. De plus, selon l'analyse par spectroscopie photoélectronique a rayons X
(XPS), il a été suggéré que le SO» adsorbé pourrait interagir avec I'oxyde de fer ou directement

avec la surface du GO. Les tests de régénération ont indiqué une désorption incomplete a 100°C,



avec une capacité de capture diminuant apres le premier cycle et se stabilisant apres le deuxieme
cycle.

L'activité catalytique du GO-oxyde de fer a également été testée a 50°C en utilisant du
thioanisole comme organique sulfure. Dans ce cas, des nanoparticules de magnétite de fer ont été
synthétisées par co-précipitation et déposées sur le GO par dép6t humide également. L'ajout de
magnétite a été confirmé par TEM, spectroscopie infrarouge a transformée de Fourier (FTIR),
absorption UV et diffraction des rayons X (XRD). GO-Fe30s a présenté une activité catalytique
intéressante avec l'oxydation du thioanisole en composés de sulfone lourds avec une conversion
de 64,2%. L'ajout de H2O, augmente la conversion a 92,8%. L'activité photocatalytique du
matériau a été évaluée en utilisant des UV, la lumiere du soleil et la lumiére visible en I'absence
de H20». La lumiére UV favorise la conversion la plus élevée avec 89,6%, suivie par la lumiére
du soleil (77,7%) et la lumiére visible (75,2%).

Ces résultats suggérent que lI'oxyde de graphene-oxyde de fer a un potentiel pour I'adsorption
du SO; et I'oxydation catalytique des composés sulfureux organiques. Cependant, une optimisation
supplémentaire du systeme et du matériau est nécessaire pour une évaluation plus compléte. Par
exemple, il est nécessaire de réaliser plusieurs cycles de régenération dans le cas de la capture du
SO2 pour garantir la stabilit¢ de la capacité du matériau dans le temps. Des analyses
supplémentaires, telles que la diffraction des rayons X (XRD) et la microscopie électronique a
transmission haute résolution (HR-TEM), sont requises pour confirmer la présence exclusive de
Fe»O3. Augmenter la concentration en fer pourrait faciliter I'utilisation de la XPS pour identifier
I'interaction du SO avec le matériau. Enfin, étudier I'effet de la taille des nanoparticules dans le
cas de l'oxydation des organiques sulfures pourrait améliorer l'activité photocatalytique du

matériau GO- Fe3zO4 sous des sources de lumiere a faible énergie comme la lumiére visible.

Mots clés : dioxyde de soufre; adsorption; oxydation; soufre organique; catalyseur; oxyde de

fer; désulfuration; photocatalyseur.
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Chapter 1. Introduction

1.1. A pollutant named sulfur

Sulfur is an essential element. In living organisms, it appears in cysteine and methionine amino
acids, used to make proteins [1]. Moreover, sulfur is required for the production of sulfuric acid
used in the production of fertilizers, wood preservatives, automobile batteries [2,3]. However,
certain sulfur compounds, such as sulfides and sulfur oxides, are toxic to the environment and
health. Petroleum, natural gas, and other fossil fuels constitute the primary source of sulfur
pollution. In 2013, they represented 57.2% of global sulfur production [1]. Natural gas from
commercial fields can contain up to 20% hydrogen sulfide (H2S) while typical crude oil may
contain up to 5 wt% sulfur compounds such as thiol, sulfides, thiophenes [1,4].

Sulfur compounds are undesirable in liquid fuels due to their numerous harmful effects. They
cause corrosion in refining equipment and the premature failure of combustion engines [4,5]. H2S
and other sulfide molecules are highly reactive with metals, causing damage to storage tanks and
pipelines, which leads to high maintenance costs. Sulfur also contributes to catalyst poisoning in
the refining process [4,5]. The sulfur species adsorbed on the surface or active sites of the metals
in the catalysts formed metal sulfide, causing inactivation or reduction of the catalytic activity. In
addition, wastewater generated by fuel refining processes contains reactive and odorous sulfur
such as hydrogen sulfide and mercaptans [6,7].

During combustion processes, the sulfur present in fuel is converted to sulfur oxide (SOx) and
released into the atmosphere if not captured properly. Sulfur dioxide (SO2) represents about 90%
of ambient SOy [1]. SO, poses significant risks to human health, causing the deterioration of the
respiratory system and an elevated risk of heart disease, while also impacting the environment
[8,9]. In the atmosphere, hydroxyl radicals oxidize SO, leading to the formation of sulfuric acid
in the presence of water [9]. Sulfuric acid contributes to soil deterioration, the formation of acid
fog, and destabilization of aquatic ecosystems [9,10]. Dry acid deposition, a result of SO;
emissions, further accelerates the degradation of building materials, stones, and status which

increases the maintenance costs [9,10].



1.2. Sulfur dioxide emission control challenges

In Canada, the primary anthropogenic source of SO, emission comes from the combustion of
fossil fuels such as oil, coal, natural gas [11]. In 2021, the oil and gas industries held 41% of the
total national SOy, electric power generation for 26%, and ore and mineral industries accounted
for 25% of total SOx emissions [12].

The SO emissions in Canada decreased by 79% between 1990 and 2021 [12]. This reduction
is attributed to several factors, including the closure of coal-fired power plants and major smelters,
the reduction of coal consumption, the adoption of low-sulfur heavy fuel oil, and the
implementation of pollution control equipment [12].

Controlling SO2 emissions can be achieved either through pre-combustion removal of sulfur
from the fuel or by implementing post-combustion desulfurization treatments on the exiting flue
gas. However, obtaining cleaner fuel is expensive and can alter fuel efficiency, hence why most of
the emission control focuses on post-combustion treatments [13,14]. Post-combustion treatment
involves using flue gas desulfurization (FGD) techniques, which include a range of methods to
remove SO, from industrial combustion exhaust gases. FGD techniques such as wet scrubbers,
spray dry absorption, and sorbent injection are the most used technologies for SO, removal at the
industrial level mainly due to their simplicity and high desulfurization capacity [13,14]. Other
methods, including biological and electronic technologies, are currently being studied for their
potential to achieve high-efficiency sulfur removal. Electronic techniques, which use electron
beam irradiation, come with drawbacks such as high costs, significant energy consumption, and

high safety protection. Meanwhile, biological methods are heavily dependent on water [13].

1.2.1. Flue gas desulfurization (FGD) — wet and dry scrubbers

In most currently used FGD techniques, a suitable alkaline sorbent is brought into contact with
the SO> gas present in the flue gas and reacts to produce sulfite and or sulfate compounds [15].
The physical characteristics of these compounds vary from sludge to a dry powdered material
depending on the process [16]. These FGD processes can be categorized as wet FGD, dry, and
semi-dry FGD based on the amount of water used [13,15,17].

Wet scrubber methods, also known as wet FGD, represent more than 80% of the
desulfurization techniques used in coal-fired plants [15,17]. These techniques are well established

and can achieve removal efficiencies up to 99% [15,17,18]. In wet FGD systems, the sorbents are
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typically in a slurry or solution form, and a counter-current spray tower is used as the absorption
column [15,19]. In addition to allowing a larger contact surface between the gas and liquid, spray
towers are simple scrubbers that help prevent scale buildup, clogging, or erosion, which affect
FGD reliability and absorber efficiency [20]. Limestone (calcium carbonate) is the most common
reagent used, owing to its accessibility and cost-effectiveness. Limestone reacts with SO in flue
gas to form a calcium sulfite slurry. This slurry is then oxidized to produce calcium sulfate,
commonly known as gypsum [15]. Alternative sorbents such as calcium oxide (quicklime) and
calcium hydroxide (hydrated lime), derived from limestone calcination, offer enhanced reactivity
but are expensive [15]. Other sorbents utilized include ammonia, magnesium carbonate, and
sodium-based compounds [15].

Despite their effectiveness, wet FGD systems have high capital and operating costs due to their
reliance on water and heat. During the process, flue gas becomes saturated with water, requiring
evaporation. A significant portion of the feed water evaporates and exits with the flue gas, while
the remaining water, filled with gypsum and other impurities (chlorides, heavy metals) is treated
in a water treatment plant before discharge [15,17]. They also require corrosion-resistant materials
due to the presence of highly corrosive gases [13,15]. Moreover, the reaction between limestone
and SOz results in the formation of carbon dioxide (COz), which is emitted alongside the scrubbed
flue gas, contributing to CO2 emissions [15]. Wet FGD systems are primarily used for high SO>
concentration [22] (sulfur fuel content up to 3.5% [17]). Under low concentrations, longer columns
and more water will be required to maximize the contact time which will further increase the costs.

Spray dry scrubbers, also called semi-dry FGD, are the second most widely used FGD
technology. It utilizes lime (quicklime or hydrated lime) as the primary sorbent [17]. Hot flue gases
are mixed in a spray dryer vessel with a mist of finely atomized fresh lime slurry which absorbs
and reacts with SO. while almost simultaneously drying [19,23]. Factors influencing the
absorption chemistry include flue gas temperature, SO, concentration, and the size of the sprayed
slurry droplets [17]. Spray dry scrubbers offer the advantage of having dry products that are easier
to dispose of; however, they achieve a sulfur removal efficiency not greater than 90%. [17].

Finally, sorbent injection, categorized as dry desulfurization technologies, was developed for
lower sulfur content fuel where wet FGD was not cost-effective [15,17,23]. Depending on the
injection point of the sorbent, four types are distinguished: furnace sorbent injection, economizer

sorbent injection, duct sorbent injection, and hybrid sorbent injection (a combination of two points



of injection). In a dry injection system, there is no dedicated absorber column, a dry hydrated
calcium or sodium-based sorbent, in powder or pellet form is directly brought into contact with
the flue gas at the injection point. The sorbent reacts with SO2 and the produced sulfate solid and
the unreacted remaining sorbent are collected in a particulate control device (a baghouse) [17,19].
Some of the solids are recirculated to the reaction and the rest is sent to disposal. Sorbent injection
systems offer advantages such as relatively low capital and operating costs, easy retrofitting, and
easy operation and maintenance with no slurry handling. However, they typically achieve only
about 50% sulfur removal efficiency and the sorbent is expensive compared to the one used in wet
FGD [17].

1.2.2. Adsorption

Adsorption has been an attractive dry FGD method due to the water-free operation, the
simplicity of the process, and the affordability of certain adsorbents such as activated carbon,
zeolites, and metal oxide, which can be derived from waste materials or can be found naturally
[13,24,25]. The adsorbents can be regenerated through chemical or physical treatments, reducing
the costs associated with their use, and the generated SO> can be converted to sulfuric acid [13].
Although regeneration is possible with wet FGD, it further increases the capital and operating costs
[13]. Moreover, physical adsorption typically occurs at low temperatures, near room temperature,
thus reducing the energy demands. This technique is effective for gas streams containing low levels
of SOz [22], which is advantageous given increasingly stringent regulations on SO, emissions [21].
It can serve as a complementary technique when a very pure outlet gas is required or can be used
alone when the exhaust gas contains low SO2 concentrations (less than 500 ppm [22]). However,
the capture efficiency of this technique is still much lower compared to wet FGD and therefore not
yet widely used on an industrial scale [13]. Numerous studies are being conducted to improve the
capture capacity of existing adsorbents [25-30] or even create new adsorbents with enhanced
capture capacity [31]. Carbonaceous materials, including activated carbon, carbon nanotubes, and
graphene oxide are particularly studied as adsorbents for SO, removal due to their high surface

area and high stability against moisture and corrosive gases [30].

Activated carbon

Activated carbon is distinguished by its high surface area, good porosity distribution, and high

surface reactivity [13,32]. Research conducted by Raymundo-Pinero et al. indicates that the SO>
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adsorption potential of activated carbon is related to the structure and porosity of the carbon
material, the chemical nature of the surface, and the adsorption site's oxidation capacity [33]. They
noted that increasing the pore size of activated carbon fibers through heat treatment enhances SO.
adsorption but reduces its oxidation to SOs, which in turn diminishes the overall adsorption
capacity. On the other hand, activated carbon with smaller pore sizes and uniform porosity exhibits
lower SO, adsorption and oxidation capacity compared to activated carbon fibers with the same
pore dimensions [33]. These observations highlight the influence of the material structural
configurations on its adsorption capacity [33-35].

The effect of surface functionalization on SO» absorption was explored in several studies
[26,27,36,37]. The research conducted by Zhao et al. revealed that activated carbons with more
oxygen groups have higher catalytic activity [36]. They explained that this enhancement was due
to the presence of carbonyl and ketene oxygen groups on the surface, which possess C=0 bonds
with Bronsted basic properties [26,36,37]. Given that SO is an acidic gas, it is initially adsorbed
onto these basic active sites and subsequently transformed into adsorbed SOz and H>SOs in the
presence of oxygen and water vapor in the system [26,36]. Expanding on this, Liu Xiao-Li and
colleagues investigated the effect of adding iron oxide to both nitric acid-treated activated carbon
and untreated activated carbon. Their findings indicate that the addition of iron oxide nanoparticles
improves SO» removal by increasing the average pore size, which allows gas molecules to move
freely, and enhancing the catalytic oxidation, as evidenced by the higher yields of SO4% [26].
However, iron oxide and the generated adsorbed H2SO4 lead to the formation of Fe2(SO4)s, which
can block the micropores and ultimately deactivate the carbon material [26].

In addition to the surface functionalization of adsorbents, numerous studies have shown that
the presence of oxygen and water in flue gases influences the adsorption of SO on activated carbon
[27,34,38]. Falk et al. studied the adsorption of SO, on activated carbon under various gas
conditions, maintaining a temperature constant of 30°C [34]. The results indicated that the capture
efficiency increases in the presence of water and oxygen. SO, desorption was not observed
following the desorption cycle with pure nitrogen at 30°C, but SO, adsorbed under dry air
conditions did desorb [34]. This was explained by the oxidation of SO2, by the adsorbed O2 from
flue gas, resulting in the formation of SO3, which reacts rapidly with H>O to form H2SO4 [34].

Martin et al. explained that the reversible and irreversibly SO, adsorbed on their activated

carbon can be attributed to physiosorbed SO, and chemisorbed species such as SOz [39]. Paoli



Davini demonstrated that adding metal, especially vanadium and iron, further enhances the capture
capacity of SO in the presence of water and oxygen [27].

While activated carbons are cost-effective, they typically require chemical and/or thermal pre-
treatments to improve their adsorption capacities. Additionally, the consumption of carbon by
oxidation at high-temperature limit the sorbent life after repeated adsorption-regeneration cycles
[14].

Carbon nanotubes

Carbon nanotubes (CNTSs) are made of rolled-up sheets of single-layer or multi-layer graphene
[40]. They have emerged as attractive adsorbents for gas pollutant removal mainly due to their
highly porous structure and large surface area, comparable to activated carbon [41,42]. They also
have high chemical stability and corrosion resistance [30]. Gas molecules can be adsorbed on both
the outer and inner surfaces of CNTs [41,43]. The strong Van der Waal forces between tubes cause
them to form bundles, creating additional adsorption sites within the interstitial channels and at
the periphery of the bundles where two adjacent parallel CNTs meet (also called groove sites)
[41,43].

The external sites, being directly accessible to the adsorbate, are where most adsorption
typically occurs [41]. The chemically inert nature of the surface makes the adsorption to be
predominantly physisorption [41]. The effectiveness of SO, adsorption on CNTSs is enhanced by
larger diameters [29,42]. Sun et al. demonstrated that the SO adsorption phenomena on CNTs is
physisorption in the low-temperature range and changes to chemisorption at a high-temperature
range [44]. This change was attributed to the contribution of electrons from delocalized pi-bonds
in aromatic rings, forming Lewis basic sites capable of chemically adsorbing acid gases [44].

Functionalization of CNTs, metal doping, or creating vacancy defects are effective methods
for improving their adsorption capacities [28,29,43,45,46]. Mehdi Yoosefian et al. investigate the
adsorption capacity of CNTs for SO, by creating vacancy defects in a single-walled CNT
(SWCNT) and replacing the carbon atoms with Pt noble metal [47]. Using density functional
theory (DFT), they investigate the adsorption of single and double SO, gas molecules in two
orientations with the oxygen or sulfur atom near the metal. The DFT analysis revealed stronger
adsorption in the configuration oxygen-Pt/SWCNT and higher adsorption energy for the second
SO, molecule, suggesting the influence of the first adsorbed molecule [47]. Natural bond orbital

analysis showed a charge transfer from the SWCNT to the SO, molecule [47]. Libao et al. also
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observed an increase in charge transfer from metal-doped CNT to SO molecule when
investigating the adoption capacity of pristine CNTs, metal-doped CNTs with and without vacancy
defects [28]. Their DFT analysis demonstrated enhanced adsorption with vacancy-defected CNTs
and even higher with Fe-doped CNTSs. The latter decreased the adsorption distance by up to 44.8%,
and increased the adsorption energy and the charge transfer, suggesting chemical adsorption on
Fe-doped CNTs compared to weak physical adsorption on pristine CNTs These metals offer more
active sites than the carbon atoms and can form stable chemical structures [28]. The presence of
vacancy defects in CNTs induces magnetic moments, enhancing the reactivity of C atoms at
defects and the S atom can stabilize these defects through the formation of an S-C bond [28,45].

Zhang et al. used DFT and experimental studies to investigate the effect of hydroxyl groups
on carbon nanotubes for sulfur hexafluoride (SF6) decomposed gases (SO2F2, SOF,, SO, and CFs)
adsorption. Their studies showed that SWCNT-OH had the highest sensitivity to SO, compared to
the other gases [48]. Moreover, Zhang et al. investigated the sensitivity of carboxyl and hydroxyl
modified SWCNTSs toward SO». The results revealed that COOH-SWCNT exhibited a higher
sensitivity due to its higher oxidizability which promotes the charge transfer between the SO;
molecules and the CNT [49].

Graphene oxide

Another carbon material that has recently sparked interest in gas adsorption is graphene oxide.
It is mainly synthesized by the modified Hummers method [50] from graphite and possesses higher
surface area, good porosity, and multiple oxygen functional groups [50,51]. The most accepted
model to represent GO structure is the Lerf-Klinowski model where the surface is decorated with
epoxy, hydroxyl, carbonyl, and carboxylic groups at the edges [50]. The GO layers are held
together by hydrogen bonds and the oxygen functional group is covalently bonded to the carbon
atoms creating sp® hybridized carbon atoms [52]. Their 2D structure provides a high surface area
to volume ratio which increases their reaction rate [53]. GO was successfully used in electronic
devices as sensors [50,54] for energy and gas storage [50,51], as catalyst support for metal oxide
nanoparticles [55].

For SO, removal, only a few studies have investigated the adsorption capacity of GO toward
S0O,. Babu et al. demonstrated that the adsorption of pure SO, on GO is done by physisorption

even in the presence of a significant amount of oxygen functionalities on the surface [51]. On the



other hand, Long et al. showed that upon adsorption of SO2 by foams GO or GO suspensions at
room temperature, the material acts as an oxidant and a catalyst to form SOs. The presence of
oxygen increases the production of SOz and in contact with water, sulfuric acid is formed [56].
Zhanga et al. studied the mechanism of adsorption and the oxidation of SO, on GO surface through
Density Functional Theory (DFT) calculations [57]. GO was found to adsorb SO. through H-
bonding interactions between its hydroxyl groups and SO». These hydroxyl groups also promote
the oxidation of SO by the epoxy groups by reducing the oxidation barrier [57].

In contrast to activated carbon and CNTSs, there have been relatively fewer studies exploring
the impact of adding metal nanoparticles to graphene oxide on its capacity to capture SO..

1.3. Organic Sulfide compounds removal

Sulfur pollutants in fuel streams lead to the emission of SO, when these fuels are burned,
whether in transportation or oil refinery processes [1,58]. Additionally, sulfide-containing
wastewater such as hydrogen sulfide, mercaptans, and dimethyl sulfide are responsible for the
unpleasant odor in sewers or near wastewater treatment facilities [59-61]. Therefore it is crucial
to desulfurize fuels and wastewater to mitigate pollution.

Hydrodesulfurization (HDS) is the most common method for reducing or eliminating sulfur
from crude oil [58]. Hydrogen is used with catalysts to decompose sulfur compounds into
hydrogen sulfide and hydrocarbons which are further used for sulfuric acid production and as
refinery fuel gas respectively [62]. However, HDS is an expensive method due to its requirement
for high hydrogen pressure (12-130 atm) and elevated temperatures (300-400°C) [5,58,63]. It
requires high capital costs to build thick wall reactors capable of withstanding high-pressure
conditions [58]. Additionally, compounds with more substitute rings such as benzothiophene are
more difficult to decompose due to the strong steric hindrance [58]. Alternatively, catalytic
oxidative desulfurization (ODS) is a cost-effective method as it can operate under relatively mild
conditions (typically below 100°C and at atmospheric pressure)[5,58,64,65]. Sulfur compounds
are initially oxidized to their corresponding sulfoxides or sulfones, which are then separated from
fuel through extraction and adsorption techniques [66]. Sulfones have higher polarity which

increases their solubility in polar solutions such as methanol, and acetonitrile [66].



For wastewater desulfurization, biological technologies are preferred for treating waste
streams with low to medium sulfide concentrations [67]. These methods use microorganisms to
convert sulfur compounds into sulfate, offering advantages such as operation at ambient
temperatures, no need for catalysts, and reduced production of contaminated byproduct streams
[67,68]. However, some sulfide compounds, like dimethyl sulfoxide (DMSO), are resistant to
biodegradation and can be reduced to harmful volatile compounds like methyl mercaptan, dimethy!|
sulfide, and hydrogen sulfide [69,70]. To address this, oxidizing DMSO to produce dimethyl
sulfone—a biodegradable compound—can prevent the formation of these noxious byproducts
[70]. Combining oxidation with biological processes could therefore provide a practical solution
for managing DMSO-containing wastewater [70,71].

In the last years, selective oxidation of sulfur-containing compounds (sulfides, sulfoxides, or
thiophenes) has been studied for fuel desulfurization or wastewater treatments [5]. Various
oxidants such as hydrogen peroxide (H20.), oxygen, ozone [4,72] have been used, with H20> being
the most commonly used oxidizing agent [5,72,73]. Its widespread use arises from its high
chemical reactivity, wide availability, and the production of water as a by-product, making it
environmentally friendly. Additionally, H.O> has a good oxidation potential, is low cost, and is
considered safe to use and store [73,74]. While H20> can oxidize sulfide to sulfoxide and sulfone
without any activators, this typically requires longer reaction times [72,73]. To enhance the
effectiveness of the oxidation process, H20- can be used with carboxylic acids such as formic acid,
and acetic acid to form organic peracids which are highly reactive. However, these organic
oxidants are also highly corrosive and pose problems in maintaining and recovering equipment
[5,58]. An alternative approach involves using heterogeneous catalysts given their potential to be
recovered and reused in further cycles [58,73,75].

Carbon-based materials have proven effective as catalyst supports in sulfide oxidation for
removing thiophene compounds from fuel. Their high surface area allows for excellent dispersion
of catalytic active phases. Abdelrahman et al. [76] and Huang et al. [77] achieved over 90%
conversion of dibenzothiophene and benzothiophene, respectively, using nitrogen-doped onion-
like carbon (NOLC) supported phosphotungstic acid and graphene oxide-supported keplerate
nanoball iso-polyoxomolybdate (M0132). They attributed these results to the high dispersion of
the active phase and increased adsorption of sulfur compounds. However, Hou et al. [78] reported

that increasing the amount of molybdenum dioxide (MoO>) on graphite carbon nitride (g-CsN4)



reduces the catalyst's surface area, leading to poor dispersion of active sites. Thus, an optimal
balance between active phase loading and maintaining a high surface area is crucial.

Surface functional groups also contribute significantly to desulfurization performance.
Abdelrahman et al. found that graphene oxide (GO) enhances sulfur compound adsorption due to
the Lewis acidic nature of its defect sites, which brings sulfur compounds and the oxidant closer,
improving the oxidation reaction [76]. Furthermore, Haw et al. showed that acidic groups,
especially oxygenated groups on activated carbon, enhance desulfurization performance through
acid-base interactions between the carbon surface and sulfur molecules [79]. Gu et al. identified
carbonyl groups as the primary oxygen groups responsible for increasing the catalytic activity of
oxidized carbon nanotubes (CNTs) [80].

Furthermore, carbon-based materials can generate oxidizing species like hydroxyl radicals
(OH-) from hydrogen peroxide [65,81,82]. After fluorine (3.03 eV), OH- possesses the highest
reduction potential of 2.8 V, surpassing that of superoxide (2.42 eV), ozone (2.07 eV), and
hydrogen peroxide (1.77 V) [74]. Additionally, OH- is highly reactive, nonselective, and capable
of oxidizing and decomposing numerous hazardous compounds [74,83]. The catalytic activity of
carbon materials in hydrogen peroxide decomposition was found to be governed by their electron
donor capability, which is associated with the presence of delocalized m-electrons in the surface-
conjugated system [81,82]. The reaction of the carbon material surface with H.O> will result in an
oxidized carbon surface with increased sp® carbon hybridization [81,82]. Studies have shown that
the catalytic generation of OH- by GO is further enhanced by the addition of iron oxide through
the Fenton process [84,85]. The Fenton process produces OH- through the oxidation of ferrous

ions, as shown in the following equation [85]:
Fe?* + H,0, » Fe3* + OH™ + OH - (1.1)

When used as a support, GO has been shown to participate in the regeneration of Fe?* by donating
its electrons [85,86]. The produced OH- radicals were shown to effectively oxidize sulfide
compounds in their corresponding sulfone for oxidative desulfurization treatment and DMSO

removal from wastewater [64,87].
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1.4. Graphene oxide-iron oxide nanocomposites

Graphene oxide-metal nanocomposites have been widely used as adsorbents for heavy metals
removal in wastewater [88,89] and as heterogeneous catalysts in multiple organic reactions such
as oxidation, reduction, or cross-coupling reactions [90,91]. Rodriguez-Garcia et al, conducted
research on the application of GO-iron oxide nanocomposites in gaseous CO. capture
technologies, revealing higher adsorption of CO. compared to GO alone [92]. The addition of
Fe304 nanoparticles was found to expand the GO layers thereby creating porosity which increases
the CO. adsorption. Their findings demonstrated that the adsorption of CO; is a reversible
physisorption mechanism and the material exhibits good CO2/N> selectivity, recyclability, and
thermal stability. Taking into account these findings and the improved efficiency of SO, removal
achieved through the addition of oxygen functional groups or metal oxides on carbon nanotubes
and activated carbon, it is conceivable that metal oxide-modified graphene oxide might be a
suitable adsorbent for SO, removal. Moreover, such materials could be applied for sulfide
oxidation [64,85,86,93].

Iron oxide nanoparticles are extensively used as catalysts due to their affordability, low
toxicity, and excellent dispersibility [94,95]. The catalytic properties of these nanoparticles are
significantly influenced by their shape, size, dispersity, and chemical composition [91,94]. These
characteristics can be controlled through various synthesis methods including precipitation,

hydrothermal, impregnation, polyol [94].

1.4.1. Precipitation/co-precipitation

The precipitation method is the most used approach for synthesizing metal-based nanoparticle
catalysts on an industrial scale, owing to its cost-effectiveness and high yield [96,97]. This process
typically involves precursors, a reducing agent, and a stabilizing agent or capping agent [96,98].
The synthesis is an oxidation-reduction reaction between the precursors and organic or inorganic
reducing agents [96]. Precipitation synthesis occurs in three steps namely, supersaturation,
nucleation, and growth [98]. The supersaturation can be achieved by adding a base, acid, or
complex-forming agents, through physical changes such as temperature variation or a combination
of these methods[98]. The system is unstable at the supersaturation stage and precipitation can
occur as a result of any small perturbations[98]. Solid formation occurs through nucleation and

growth. In conditions of high supersaturation, the nucleation rate can be higher than the crystal
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growth leading to the formation of numerous small particles [98]. During precipitation, salts may
be hydrolyzed into their hydroxide or oxide forms [99]. The resulting colloidal suspension is then
filtered and dried and a calcination step may be required to convert the hydroxide compounds into
oxides [99] Metal hydroxides and carbonates are the preferred precipitate intermediates due to
their low solubility, which easily leads to very high supersaturation and results in small particle
sizes. These compounds are also easily decomposed by heat into oxide and the toxicity and
environmental impact resulting from calcination are minimal [98,100].

Co-precipitation involves the simultaneous precipitation of more than one compound from a
solution [101]. It is important to avoid independent or consecutive precipitation to ensure intimate
mixing of the catalyst components [100]. Iron oxide nanoparticles are typically produced by
simultaneous precipitation of ferrous and ferric ions, initiated by the addition of a base, generally
NaOH or NH3zH20 at room or elevated temperature [102—-105]. The reaction mechanism occurs as
below [106]:

Fe?* 4+ 2Fe3* + OH™ — Fe;0, 1 + 4H,0 (1.2)

The resulting magnetite nanoparticles are unstable and can easily oxidize to form ferric
nanoparticles (Fe2Os3) [103,106]. Stabilizing agents or surfactants are used to control nanoparticle
size and stabilize the colloidal dispersions [53]. Surfactants such as oleic acid [107], citric acid
[108] polyvinyl alcohol [109], and glucose [110] have been used to improve the dispersity of iron
oxide nanoparticles. Various parameters, including the type and concentration of precursors, the
temperature, the mixing sequence, and the pH level influence the properties of the nanoparticles
such as particle size, purity, surface area, and chemical composition [98,100,111]. Despite these
controls, the method’s inherent rapid particle formation limits its ability to produce uniform and
monodispersed nanoparticles [103,106,112].

Precipitation or co-precipitation methods can be used to obtain supported catalysts, where the
precursors are directly precipitated on the support [100]. However, this method is favored when
the desired loading is higher than 10-20% [100].

1.4.2. Impregnation

The impregnation method is commonly employed for synthesizing supported catalysts with

lower-weight nanoparticle deposition [100]. A specific volume of the solution containing the
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active phase precursor is brought into contact with the solid support, followed by drying to
eliminate the imbibed solvent. Subsequently, the catalyst is activated by calcination or reduction
[99,100]. Preferably, pre-shaped supports are used because their texture is maintained in the final
catalyst [98]. Impregnation can be carried out using an excess of solution (wet impregnation) or
with a volume slightly less than or equal to the pore volume of the support (in incipient wetness
impregnation) [100,113]. The latter demands precise reaction control and additional applications
of the solution may be necessary [98]. In both techniques, temperature is a key factor as it
influences the precursor solubility and the solution viscosity, thereby affecting the wetting time
[100]. It’s a simple technique with a limited amount of waste but requires materials that can

withstand high temperatures as calcination temperatures [99,113].

1.4.3. Polyol

Polyol synthesis refers to the use of polyols to reduce metal salts to metal particles [114]. Ina
polyol synthesis, a metal precursor is mixed in a liquid polyol such as ethylene glycol, diethylene
glycol, or tetra-ethylene glycol, and heated to a specific temperature, potentially reaching the
polyol’s point [106]. This process allows the polyol to be oxidized, enabling the reduction of metal
precursors [115]. Here, the polyol acts as both a solvent and reducing agent, while also serving as
a stabilizer to control nanoparticle growth and prevent agglomeration [106,116-118]. Various
factors influence the type of nanoparticles obtained and the reagents must be chosen carefully.

A typical synthesis of iron oxide nanoparticles using the polyol method involves the reduction
of iron (111) acetylacetonate (Fe(acac)s) in a polyol solvent [114,119]. In a study conducted by Cai
et al, tri-ethylene glycol was found to produce non-agglomerated magnetite particles with uniform
shape and narrow size distribution [114]. However, polyols such as diethylene glycol and tetra-
ethylene glycol resulted in unstable particle suspension in water or ethanol and highly agglomerate
nanoparticles, respectively [114]. The reaction with ethylene glycol mainly produced the
intermediate alkoxy-salt [114,120]. The choice of polyol solvent plays an important role in
defining the morphology and colloidal stability of the nanoparticles.

Vega-Chacon et al. studied the effects of both the type and concentration of the ferric precursor
on the average particle size of magnetite nanoparticles using a tri-ethylene glycol polyol solution

[119]. The results indicated that a higher concentration of Fe3* leads to larger particles, and

13



Fe(acac)s precursors produced larger nanoparticles than iron (I11) nitrate nonahydrate
(Fe(NO3)3.9H.0), which is a cheaper and less toxic precursor.

In the study conducted by Christopher Panaritis et al., ethylene glycol containing
tetramethylammonium hydroxide (TMAOH) was used to control nanoparticle size, and a mixture
of 5 nm iron oxide nanowire composed of Fe>O3z, Fe3O4, and FeO from Fe(NOz)3.9H20 iron salts
was obtained. [121]. Christina Bock et al. explained that the addition of a base solution in polyol
synthesis reduces nanoparticle size [117]. They explained that the aldehydes generated from
ethylene glycol oxidation are unstable and easily oxidized to glycolic acid, which in an alkaline
media, is presented in its deprotonated form as glycolate anion. This anion was identified as a
stabilizing agent in the formation of PtRu alloy [117].

The polyol method is highly effective for producing iron oxide nanoparticles of various shapes
and sizes. These nanoparticles, synthesized using the polyol method, are easily dispersed in
aqueous media and polar solvents due to their hydrophilic surface ligands. They also exhibit high
crystallinity because of the relatively high synthesis temperatures [106]. However, the method’s
sensitivity to reaction temperature, duration, and choice of precursors complicates the
reproducibility of the method [122].

1.4.4. Hydrothermal method

In the hydrothermal method, the reaction takes place in an aqueous media, in a sealed vessel
or autoclave, under high pressures (up to 2000 psi) and high temperatures ranging from 100°C to
250°C [123,124]. The solvent is usually water, with a hydroxide solution such as NaOH used as a
mineralizer, and metal alkoxides or metal salts provide the metal ions [124]. The method exploits
the water’s ability to hydrolyze and dehydrate metal salts under elevated conditions, along with
the very low solubility of the resulting metal oxide in water at these conditions to generate
supersaturation [125]. The mineralizer functions as a catalyst to accelerate the reaction or as a
solvent that dissolves and facilitates the precipitation of solid materials [126]. Similar to co-
precipitation, the supersaturation state is followed by nucleation and particle growth [124]. The
solvent, temperature, and duration of the reaction are important parameters influencing the size
and morphology of the FezO4 nanoparticles [116,125]. At high temperatures, nucleation occurs
more rapidly than grain growth, resulting in small nanoparticles. However, a longer reaction time

will increase their size [116]. This method is also used for growing crystals of iron oxide
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nanoparticles. In this case, the precipitation occurs at conditions similar to the co-precipitation
method, followed by hydrothermal treatment in an autoclave [98,100,127]. This process involves
structural changes in the solid, such as increased crystals and particle size [100].

Hydrothermal synthesis is relatively less explored as a method for synthesizing iron oxide
nanoparticles, although it allows the production of monodispersed particles with precise control
over their shape and size in addition to their chemical homogeneity and good dispersibility
[103,128]. However, it is worth noting that this method requires supercritical solvent conditions

and uses expensive autoclaves [101].

1.5. Research question and objectives

Graphene oxide and iron oxide nanoparticles have individually exhibited promising results as
SO, capture materials [51,56,129,130]. Moreover, Zhang et al. explained that the S-C covalent
interaction of SO3 with the GO surface is higher than that of SO> [57]. Building on this, an iron
oxide-modified graphene oxide was previously synthesized and tested in our research group,
revealing a significant enhancement in SO, capture efficiency with the addition of iron oxide
particles on the surface of GO [31]. Additionally, GO and iron oxide nanoparticles have been
effectively used as heterogeneous catalysts in the oxidation of various sulfide compounds [64,93].
Therefore, to significantly mitigate sulfur-based pollution, this study proposes a multifunctional
composite material consisting of graphene oxide and iron oxide nanoparticles to enhance SO gas
removal through adsorption technology and to catalyze the oxidation of organic sulfide to sulfone,
thus facilitating the removal of organic sulfide from fuels or wastewater.

From this objective, the following research questions arise: how does the type of iron oxide
nanoparticles influence the capture capacity of the GO-iron oxide nanocomposite? Can the
composite be used as a catalyst in the oxidation reaction of organic sulfide compounds and exhibit
photocatalytic properties? The study addresses the following objectives:

- Investigate the impact of the different nanoparticle preparation methods on the structure of

the synthesized GO-iron oxide material as well as its capture capacity for SO..

- Evaluate the regenerability of the adsorbent.

- Assess the catalytic performance of the GO-iron oxide nanocomposite in the organic

sulfide oxidation process, highlighting thioanisole as the chosen sulfide compound.
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1.6. Content of the thesis

The thesis consists of four chapters. Chapter 1 presented the project background, literature
review, and research objectives. Chapter 2 explores the capture capacity of the GO-iron oxide
material for SO, removal at room temperature, examining the effect of various nanoparticle
synthesis methods. This chapter also includes the regeneration tests of the adsorbent at different
temperatures (room temperature and 100°C). Chapter 3 looks at the catalytic properties of the GO-
iron oxide material in the oxidation of thioanisole. The photocatalytic activity was also evaluated
using different light irradiations such as UV, visible light, and sunlight. Finally, chapter 4
summarizes the report with key findings from the previous chapters and potential future work for

the project.
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Chapter 2. Iron oxide-graphene oxide nanocomposites for low-

temperature SO removal process

Abstract

Sulfur dioxide (SO2) still significantly contributes to air pollution. While conventional
desulfurization techniques target high SO, concentrations, dry adsorption has emerged as an
effective method for low-concentration capture. This study aims to synthesize an adsorbent
combining the properties of graphene oxide and iron oxides, both showing potential for SO>
capture. Iron oxide nanoparticles were synthesized using polyol and coprecipitation methods with
a 1:2 ratio of iron (I11) to iron (I1) precursors. The polyol method used ethylene glycol and sodium
hydroxide, while the coprecipitation method used water, ammonium hydroxide (NH4OH), or
sodium hydroxide (NaOH). The nanoparticles were deposited on the graphene oxide (GO) surface
through wet deposition. Transmission electron microscopy (TEM) and inductively coupled plasma
atomic emission spectroscopy (ICP-OES) were used to confirm the deposition of iron
nanoparticles, which were identified, in all cases, as Fe.Oz through X-ray photoelectron
spectroscopy (XPS) analysis. The capture experiments were conducted at room temperature with
25 ppm of SO; balanced with argon. The addition of iron oxide increased the capture capacities
from 0.6 mgso2/gsorbent for GO to 1.3, 1.7, and 3.1 mgso2/gsorbent for GO Fe2Os-polyol, GO Fe20s-
NaOH, and GO Fe>03-NHg, respectively. High-resolution XPS analysis suggested that adsorbed
SO2 could be linked to both iron and GO. Finally, regeneration tests indicated an incomplete
desorption at 100°C. These findings underscore the potential of GO-iron oxide nanocomposites

for SO capture and the significant impact of the iron oxide nanoparticle's properties.

Keywords - sulfur dioxide; graphene oxide; iron oxide; adsorption.

2.1. Introduction

Sulfur dioxide (SO3) is one of the main gases contributing to air pollution [1]. While volcanic
eruptions can naturally release SO into the atmosphere, the predominant source is human

activities [2], particularly the combustion of fossil fuels, which account for 87% of SOx emissions

26



[3]. Once released, SO can return to the Earth’s surface as acid rain or dry acidic particles, posing
severe threats to soil health, aquatic ecosystems, and infrastructure [4,5]. Additionally, SO-
exposure has detrimental effects on the human respiratory system [6].

Conventional flue gas desulfurization (FGD) techniques include wet and dry scrubbers, which
rely, respectively on the absorption of SO using an alkaline slurry (limestone) or semi-dry pellets
of calcium hydroxide [7,8]. Despite the disadvantages of wet (FGD) namely, wastewater
treatments, and high energy consumption [8,9], they remain the most widely used technique and
can remove up to 99% of the SO from flue gases [7]. However, these techniques were designed
for high SO, concentrations [10] and become cost inefficient at lower concentrations due to the
need for longer columns and increased water usage. Therefore, it is crucial to develop new
techniques to further reduce SO, emissions, especially since fossil fuel remains the second largest
source of electricity in Canada [3,11].

Over the past years, adsorption has emerged as an attractive option for pollutant removal
[3,8,10], particularly when the recovery of the adsorbate is desired or when the adsorbate
concentration is low [10,12]. Consequently, it can serve as a supplementary method to the existing
ones to achieve higher removal efficiency. This method is appealing due to its simplicity, low
energy consumption, and minimal disposal problems [13,14]. Carbon-based adsorbents, in
particular, are extensively studied for SO2 removal due to their high stability against moisture and
corrosive gases [9,15].

Porous structure and surface chemistry have been related to the adsorption capacity of the
adsorbents for SO, removal [16-18]. Researchers have extensively studied the addition of
functional groups on material surfaces to improve the adsorption performance [19-24]. Numerous
investigations have shown that introducing oxygen functional groups onto the surface of activated
carbon and carbon nanotubes can enhance their sorption capacity [19,23,24]. For instance, Liu et
al. demonstrated that nitric acid treatment of activated carbon increases the concentration of C=0
bonds, serving as Bronsted basic sites for SO oxidation, resulting in enhanced SO, removal [19].
Hydroxyl-modified carbon nanotubes exhibit greater sensitivity to SO, compared to non-modified
carbon nanotubes [24]. Graphene oxide (GO) has the advantage of having multiple oxygen
functional groups on its surface [25] and the research conducted by Long et al. revealed that GO
can act as both an oxidant and catalyst during SO2 adsorption by GO foam or suspension at room

temperature [26].
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Metal oxides supported by carbon-based materials have also been extensively studied to
improve carbon material removal capacity [19-22]. Liu et al.’s study demonstrated that the
addition of iron oxide nanoparticles (FesOs) on activated carbon treated with nitric acid further
increases the sorption capacity of the material by promoting the oxidation of SO, to other
compounds with different oxidation states such as SOs, H2SOs in the presence of water and
eventually FeSO4 [19]. Metals-doped carbon nanotubes showed a higher adsorption energy, and
charge transfer with SO than pristine carbon nanotubes, suggesting chemical adsorption
[21,22,27]. Additionally, graphene oxide-metal oxide nanocomposites have seen extensive
application as heterogeneous catalysts in various organic reactions, including oxidation, reduction,
and cross-coupling reactions [28,29], as well as serving as adsorbents in wastewater treatments
[30].

The size and dispersion of the nanoparticles play important roles in the efficacity of metal
oxide-supported nanocomposites [31]. Various factors can shape these characteristics during the
synthesis including the choice of salt precursors, the reaction temperature, the pH level, and the
reducing agent [32,33]. Therefore, selecting the right synthesis methods becomes important for
achieving desired outcomes. The synthesis of iron oxide nanoparticles can be achieved through
several common methods including co-precipitation, hydrothermal synthesis, impregnation, and
polyol methods [32-34]. Co-precipitation is the most used method due to its simplicity, low energy
consumption, and ability to produce water-soluble nanoparticles, although it allows limited control
over particle size and distribution [33,35]. The hydrothermal route is the optimal method to
produce monodispersed particles with control over their shape and size, but it requires high
temperature and pressure [36,37]. Impregnation is typically used to produce supported
nanoparticles. However, this method involves catalyst activation by calcination, necessitating a
support that can withstand high temperatures [32,34]. While these methods generally use aqueous
solvents, the polyol approach utilizes a polyol solution as both solvent and reducing agent [38,39].
This technique produces high crystalline nanoparticles with hydrophilic ligands, facilitating their
dispersion in aqueous media and polar solvents [38]. However, the sensitivity of the reaction to
temperature, time, and concentration of precursors can make reproducibility difficult [40].

Based on prior research conducted in our laboratory, which demonstrated that adding iron
oxide nanoparticles to GO enhances its capture capacity toward SO2 [41], this study aims to

investigate the impact of different nanoparticle synthesis methods on the capture capacity of GO.
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Iron oxide nanoparticles were synthesized using co-precipitation and polyol methods, and
subsequently deposited onto GO through wet deposition. The resulting GO-iron oxide nanoparticle
composites were then utilized to capture SO> at room temperature from a gas stream flowing at 15
mL/min, containing 25 ppm of SO> balanced with N2. The objective was to reduce the outlet gas
concentration to less than 1 ppm.

2.2. Experimental

2.2.1. Materials

High surface area graphene oxide was obtained from ACS Materials (type B GO) with a
reported measured BET-specific surface area of 400 m?/g. Ethylene glycol (99%), sodium
hydroxide (NaOH) pellets, and iron chloride (FeCls) 98% were obtained from ThermoFisher
Scientific. Iron chloride hexahydrate (FeCls*6H20O) 99%+ and iron sulfate heptahydrate
(FeSO4+7H20) 99.5% were purchased from Acro Organic. Citric acid and ammonium hydroxide
solution (NH4OH) come from VWR chemicals BDH.

2.2.2. Graphene oxide-iron oxide nanocomposite preparation

Polyol method
A 1:2 molar ratio of 0.015 mol/L of Fe?* (FeSO4+7H-0 ) and 0.03 mol/L of Fe** (FeCls) ions

were dissolved in 3 mL of ethylene glycol and a 0.25 M solution of sodium hydroxide in ethylene

glycol was added dropwise until a pH of around 12 was obtained [42], around 20 mL. Ethylene
glycol acted as the solvent and the reducing agent while sodium hydroxide was used to control
nanoparticle size [38]. The mixture was then heated under reflux in a paraffin oil bath until the
temperature reached 113°C, where the color of the solution changed from black to a rusty brown
color, indicating the end of the reaction [42]. The pH dropped from ~12 to ~9. The suspension was

then cooled and stored at room temperature.

Co-precipitation

An aqueous precursor solution of 25 mL containing 0.03 mol/L of FeSO4+7H-0, 0.06 mol/L
of FeCls*6H>0, and 0.03 mol/L of citric acid was heated until the temperature reached 80°C. A
reducing agent consisting of 10 wt% of a solution of sodium hydroxide (NaOH) or ammonium

hydroxide (NH4OH) was then added to initiate the precipitation reaction. In both cases, the 3 mL
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of reducing agent was added until a pH of around 8-9 was obtained. The color changed from yellow
to black, indicating the formation of iron oxide. The suspension was cooled and stored at room

temperature.

Wet deposition

200 mg of GO was dispersed in 50 mL of deionized water and 1.16 mL of the nanoparticle
suspension from the polyol method or 0.825 mL of the nanoparticle suspension obtained from the
co-precipitation methods were added (respectively 1.4 wt% and 1.8 wt% iron oxide deposition ).
The mixture was agitated for a minimum of 48 hours to ensure proper deposition. The mixture was
then centrifuged, dried at 60°C for 2 hours, and ground to obtain a black powder of the catalyst
iron oxide-supported GO. The nanocomposite containing nanoparticles from the polyol method is
named GOFe2Os-polyol and the one containing nanoparticles from co-precipitation using NaOH
and NH4OH as reducing agents are respectively named GOFe203-NaOH and GOFe203-NHa.

2.2.3. SO capture studies

The capture setup contains a quartz tube in which 50 mg of the synthesized adsorbent is
introduced and sandwiched between quartz wool. This packed bed reactor is connected to the
capture setup that allows either argon flow (to purge the system) or a 25 ppm gas of SO balanced
with argon for the capture experiments (see Figure A.1 in the appendices). Mass flow controllers
were used to regulate the inlet gas flow rates, and a flow indicator at the reactor outlet measured
the exiting flow rate. A Draeger X-am 2500 detector at the reactor outlet measured the SO;
concentration in ppm per minute. All capture experiments were conducted at room temperature
with a flow rate of 15 mL/min. The setup, from the mass flow controllers to the detector, was
placed in the fume hood, where the exiting gas was vented.

In the regeneration process at room temperature, argon gas was utilized to desorb the adsorbed
SO, from the synthesized adsorbent. When the exiting SO, gas concentration exceeded 10 ppm
(the capture capacity is calculated at 1 and 10 ppm outlet concentration), the inlet gas was switched
to argon still at a 15 mL/min flow rate, maintaining room temperature conditions. Desorption was
continued until the SO, detector indicated O ppm in the outlet gas, indicating that no SO, gas was
coming out of the reactor. For subsequent capture cycles, the gas was switched back to SO, without

changing the adsorbent or setup.
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For the regeneration at 100°C, the reactor (the quartz tube) is inserted into a furnace. Following
the capture phase at room temperature, the gas was switched to argon, and the reactor was heated
to 100°C at a rate of 5°C/min. A thermocouple was inserted in the outlet end of the reactor, near
the adsorbent (sandwiched between quartz wool) to measure the temperature surrounding the
material. The heating was stopped once the SO, detector showed 0 ppm in the outlet gas. After the
reactor had cooled to room temperature, the gas entering the reactor was switched back to SO> for

the next capture experiment.

2.2.4. Material characterization

Transmission electron microscopy (TEM) was used to examine the surface morphology of the
materials. Pristine GO and nanoparticles TEM images were obtained using JEM-2100F FETEM
(JOEL) and the TEM of GO-iron oxide was obtained using FEI’s Tecnai Osiris TEM equipped
with an X-FEG gun at 200 keV. The samples were dispersed in ethanol and a drop of the
suspension was deposited onto a holey carbon copper grid. The iron weight percentage on the
surface of the synthesized nanocomposites was obtained with inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis done with the Agilent ICP-OES 5100 and 5110
spectrophotometer. Surface elemental analysis and oxidation state were determined using high-
resolution X-ray photoelectron spectroscopy (XPS). The analysis was performed using a Thermo
Scientific Nexsa G2 XPS with an aluminum-ka monochromatic x-ray source having a spot size of
400 um. The survey scans were acquired at a 200 eV pass energy and high-resolution scans at 50
eV. The charging effect was corrected with the binding energy of sp? carbon hybridization at 284.8
eV [43]. A doublet separation value of 1.2 eV was used for sulfur 2p [44]. Data treatment was

performed using Thermo Avantage (version 6.6.0).

2.3. Results and Discussion

2.3.1. Graphene oxide-iron oxide nanocomposites

The co-precipitation methods yielded a black suspension of nanoparticles, with those produced
using NaOH as a reducing agent exhibiting magnetic properties. Meanwhile, the polyol method
led to a yellowish-brown color. The TEM images of these nanoparticles and GO-iron oxide
nanoparticles are shown in Figure 2.1. The nanoparticles produced by the polyol method and co-

precipitation with NaOH were agglomerated and have a round shape with sizes less than 10 nm
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(Figures 2.1a, b). The co-precipitation with NH4OH produced even smaller nanoparticles (Figure
2.1c). The deposition of the nanoparticles on GO was confirmed with the TEM images of
GOFe203-polyol, GOFe203-NaOH, and GOFe203-NHs in Figures 2.1d, e, and f. The thin, paper-
like layered structure of graphene oxide [25] (see Figure A.2a), remained unchanged after the
deposition of iron oxide nanoparticles. This two-dimensional structure provides a high external
surface area for gas adsorption [45,46]. The nanoparticles were homogeneously dispersed on the
surface of GO. The presence of iron oxide in all three types of materials was further confirmed

through ICP-OES and XPS survey analysis, as presented in Figure 2.2.

100 nm 50 nm

Figure 2.1: TEM of iron oxide nanoparticles from (a) the polyol method, (b) the co-precipitation
using NaOH as a reducing agent, and (c) the co-precipitation using NH4 as a reducing agent; (d)
TEM of GOFe20z-polyol; (e) STEM-BF of GOFe,03-NaOH; (f) STEM-HAADF of GOFe>0s-
NHa.

The XPS survey of pristine GO in Figure 2.2a showed carbon and oxygen peaks as expected.
The high-resolution C1s spectra, shown in Figure 2.2b, displayed the characteristic features of GO,
with sp? and sp® carbon hybridization identified at 284.1 eV and 284.8 eV, respectively [43]. The
sp? binding energy (BE) was used for calibration in all XPS analyses. Furthermore, the C-O and
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C=0 bonds were identified at 286.7 eV and 288.7 eV, respectively [43]. The XPS survey also
indicated the presence of sulfur, likely a residual from the GO synthesis; the GO used in this study
was prepared using the modified Hummer’s method, which employs nitric acid and sulfuric acid
as oxidizing and exfoliating agents [47]. The high-resolution S2p spectra of pristine GO in Figure
2.2¢ identified this sulfur species as SO42, with a single S 2ps/, peak positioned at 168 eV [48,49].
The deposition of iron on the GO surface was analyzed through XPS survey analysis (Figure
2.2d and Table 2.1) and ICP-OES (Figure 2.2e). The spectra of GOFe>0s-Polyol before the capture
shown in Figure 2.2d, is representative of all the samples (additional spectra can be found in the
appendices) and confirm the presence of iron. ICP-OES analysis further validated the deposition
of iron, revealing that 82% and 84% of the suspended nanoparticles were effectively deposited
onto the GO surface for the polyol and the co-precipitation using NHs methods, respectively. In
contrast, a lower deposition efficiency was observed for the co-precipitation using NaOH (45%),
likely due to the stronger magnetic properties of the nanoparticles, which hinder proper mixing.

Table 2.1: XPS elemental quantitative surface analysis of GOFe>O3 materials.

Element (At%) GO GOFe;03-polyol  GOFe203-NaOH ~ GOFe;03-NHy
Carbon 69.09 71.27 68.81 68.95
Oxygen 30.17 28.05 30.71 29.86
Sulfur 0.075 0.05 0.08 0.08
Iron 0.07 0.35 0.29 0.48
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Figure 2.2: (a) XPS survey of pristine GO; high-resolution C1s spectra (b) and S 2p spectra (c) of
pristine GO; (d) XPS survey of GOFe,Oz-polyol; () ICP-OES analysis presenting the weight

percentage of iron on the surface of GO-iron oxide nanocomposites after iron deposition.

To assess the oxidation state of the iron deposited on the GO surface, high-resolution analyses
of iron 2p with deconvolution were performed using Thermo Avantage (version 6.6.0). The Fe 2p

spectra in Figures 2.3a, b, and ¢ show a peak between 710.8 eV and 711.5 eV, corresponding to
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Fe>03 [48,50]. FesO4 would appear between 708.3 eV and 710.7 eV [49-51] and was therefore not
detected. To confirm, the peak of FesO4 was tentatively added but would result in a very small
peak or not at the proper binding energy to minimize the error of the resulting calculated curve.
Although Fe3O4 might be present in small amounts, it was not possible to confirm its presence
through XPS. No FeO or metallic iron, which would be at 709 eV and 707 eV respectively, [50,52]
were detected. Additionally, the broadness of the Fe 2p peaks suggests the presence of other iron
compounds, possibly FeSOa4. As previously discussed, sulfur was detected in all the samples before
the capture (Figure 2.2 and Table 2.1) and the S 2p analysis of GO identified these species as SO4*
(Figure 2.2b). Since iron is the only metal element on the surface of the samples, the presence of
FeSO4, which has a binding energy of around 713.5 eV [48], is plausible.

T T T T T T T T T T T T
720 716 712 708 720 716 712 708 720 716 712 708
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 2.3: High-resolution Fe2p spectra of (a) GOFe,Oz-polyol; (b) GOFe.0s-NaOH; (c)
GOFe203-NH4 before capture.

2.3.2. SO capture

Capture capacity of the synthesized materials

The capture experiments were conducted at room temperature with a SO2 gas flow rate of 15
mL/min. The SO capture was done in triplicate for each type of sample and the average data is
presented in Figure 2.4a. The blank curve was done without adsorbent, resulting in a steep slope

with no capture (a breakthrough time corresponding only to the space-time in the system). The
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blank serves to measure the concentration of SO detectable by the SO, gas detector, with Co
representing the maximum concentration of SO, measured by the detector, at 25 ppm.

As expected, the breakthrough time increased when GO was used as an adsorbent and further
increased when GO modified with iron oxide nanoparticles was used, indicating that graphene
oxide can act as an effective sorbent for SO, removal, with enhanced capture efficiency in the
presence of iron oxide nanoparticles [41]. The addition of the iron oxide nanoparticles on the GO
surface increased the breakthrough time by 70% for GOFe;Os-polyol, 200% for GOFe.O3-NaOH,
and by more than 600% for GOFe>O3-NHs compared to pristine GO. The capacities of the
synthesized materials at 1 ppm were 0.6, 1.3, 1.7, and 3.1 mg SO2/gsorbent for GO, GOFe203-polyol,
GOFe203-NaOH, and GOFe>03-NHa respectively as presented in Figure 2.4b.

The higher capture capacity of GOFe>O3-NH4 can be partially attributed to the higher weight
concentration of nanoparticles deposited on the GO surface. However, the iron content of
GOFe203-NHy3 is only 1.3 times higher than that of GOFe,Os-polyol (Figure 2.2e), yet it results in
a 2.4 times increase in capture capacity. This difference highlights the efficiency of the co-
precipitation method using NH4 for nanoparticle synthesis in enhancing SO> capture. Additionally,
GOFe203-NaOH materials demonstrated a higher capture capacity than GOFe,Oz-polyol despite
the presence of more nanoparticles in the latter. The method of nanoparticle synthesis, rather than
just the quantity of nanoparticles, significantly impacts the performance of the nanocomposite.
GOFe»03-NaOH and GOFe>03-NH4 have the same mass of SO» captured per mass of iron content
(207 mg SO2/gre as shown in Table 2.2) despite the low iron content of GOFe,O3-NaOH (0.81%
and 1.51% for GOFe203-NHa). This indicates the importance of the interaction between the iron
oxide nanoparticles and the surface of GO. A more effective interaction, which results in a higher
concentration of iron on the GO surface, leads to enhanced capture capacity of GO-iron oxide
materials.

To evaluate the performance of iron oxide without support, additional capture experiments
were conducted using iron oxide nanoparticles from co-precipitation with NaOH under the same
conditions (room temperature and 15 mL/min). The particles were successfully isolated through
centrifugation, then washed, and dried. To prevent channeling, 5 mg of iron oxide was used as
adsorbent — 92% more than the corresponding amount of iron oxide in the 50 mg of GOFe,0s-
NaOH used for other capture experiments. The capture experiment was conducted in triplicate

using different batches, and the average capacity is presented in Figure 2.4.c. The corresponding
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breakthrough curves are available in Figure A.3 of the appendices. While the SO, capture tests
revealed a higher average capacity on the total amount of adsorbent, the capacity was significantly
lower considering the relative amount of iron used, at 16.5+1.8 mg SO2/gre, compared to 207.0
mg SO2/gre achieved with 0.81% of iron in GOFe203-NaOH. This highlights the critical role of

nanoparticle dispersion on the GO surface.
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Figure 2.4: (a) breakthrough curves of GO, GOFe20s-polyol, GOFe,03-NaOH, and GOFe;0s-
NH. samples used for SO capture at 20°C and 15 mL/min; (b) capture capacity in mg SO2/gsorbent
at 1 and 10 ppm of the GO-iron oxide nanocomposites; (c) capture capacity in mgSOa2/gre at 1 ppm

of GO-iron oxide nanocomposites and iron oxide.
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Table 2.2: SO, capture capacity of GO, GO-iron oxide materials, and iron oxide in mg SO2/Jsorbent
and mg SO2/great 1 ppm.

GO GOFe;03-polyol  GOFexO3-NaOH  GOFe>O3-NHs4  FerO3-NaOH

Capture capacity

(mg SO2/gsorbent)  0.6£0.1 1.31£0.6 1.7£0.2 3.1+0.5 16.5+1.8
Capture capacity
relative to Fe wt% - 114.1+£50 207.0£21 207.2433 16.5+1.8
(mg SO2/gre)

Compared to other adsorbents, the proposed material shows a notable SO> capture capacity.
For instance, an amine-functionalized nanocellulose adsorbent under similar conditions achieved
a capture capacity of 2 mg SOa2/Qsorbent [53]. Another adsorbent, composed of metal oxide,
demonstrated a capture capacity of 31 mg SO2/gsorvent Under ambient conditions, with an inlet SO»
concentration of 100 ppm and 500 mg of adsorbent [54]. Several factors influence SO, adsorption
capacity, including the inlet SO, concentration, the adsorbent concentration, operating
temperature, and pressure [55-57]. Lower inlet SO> concentrations typically result in reduced
adsorption capacity [57]. Therefore, direct comparisons between adsorbents can be challenging
due to variations in experimental conditions. Furthermore, this study aims to achieve an outlet SO

concentration of less than 1 ppm using a low inlet SO, concentration.

Species on the surface of GO-iron composite

The Fe 2p analyses of the GO-iron oxide samples after capture and the S 2p analyses of the
GO-iron oxide samples before and after capture are presented in Figure 2.5. The Fe 2p spectra
(Figures 2.5a, b, and c) still show the Fe;O3 peak (between 710.8 eV and 711.5 eV) and the FeSO4
peak around 713.5 eV. The sulfate species were identified between 168 and 169 eV [48,58]. Table
2.3 presents a semi-quantitative analysis of the variation in iron and sulfur species on the
nanocomposite surface based on peak areas from the high-resolution XPS analysis, before and
after the capture. The amount of SO4> increased for all the samples after the SO, capture, with
GOFe»03-NaOH showing the highest increase. The increase in sulfate compounds is consistent
with the adsorption of sulfur molecules. However, the increase in FeSOa is not high compared to

the total sulfur content after the capture, which is probably due to a range of adsorption sites with
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the weakest adsorbed molecules being desorbed during the sample preparation or analysis at
vacuum for XPS. These interactions would then not have been captured during XPS analysis. It
therefore indicates the possibility of weak physisorption combined with adsorption that tends
toward chemisorption due to different types of adsorption sites. Additionally, sulfate compounds
were also identified on graphene oxide without iron oxide. However, no carbon-sulfur bond was
detected, as its S 2ps2 biding energy would be at 163 eV [59]. The C-S peak could have overlapped
with the C-O band in C 1s spectra (Figure 2.2a) as the binding energy is at 287 eV [60]. The low
concentration of sulfur on the surface (less than 0.20% of the surface atom) also complicates the

identification of specific interactions.

I . : ! )
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Figure 2.5: High-resolution XPS spectra of iron 2p after SO, capture and sulfur 2p before and
after SO, capture for GOFe.Oz-polyol (a, d), GOFe203-NaOH (b, e), and GOFe>03-NHjs (¢, f). The

dashed lines indicate the potential position of the peak center.
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Table 2.3: Iron sulfate to iron oxide ratio and area under the S 2ps; peak for GO-iron oxide

materials.
Samples name FeSO./Fe,O3 area ratio The area under S 2pap
Before After Before After
GO - - 360 830
GOFe203-polyol 0.64 0.87 480 800
GOFe203-NaOH 0.54 0.65 530 1160
GOFe203-NH4 0.63 0.59 630 950

Regeneration

For the regeneration tests, the material with the highest capture capacity (GOFe>O3-NH4) was
used. The capture experiments were done at 25°C and the regeneration was done at two different
temperatures, 25°C and 100°C. After the first adsorption at 25°C, argon gas at a flow rate of 15
mL/min was introduced into the system for gas adsorption. The resulting breakthrough curves are
presented in Figures 2.6a and b and the associated capture capacities are shown in Figures 2.6¢c
and d. The term “cycle” refers to the number of capture experiments. The concentration of SO>
released during the 25°C regeneration slightly increased from 12.6 ppm to 13 ppm, then dropped
to 0 ppm. The measured SO> during this phase may represent the residual gas within the system
rather than the gas desorbed from the surface of GO. Meanwhile, during 100°C regeneration, the
SO> concentration reached the gas detector detection limit of 100 ppm and maintained this level
for approximately 8 minutes before starting to decrease. However, the desorption was incomplete
as only 32.9% of the adsorbed SO, was released during the first regeneration and 15.9% during
the second. This indicates the presence of various bond types between SO, and the GO-iron
composite, with some bonds being more resilient to thermal desorption at 100°C than others.

It can be seen from Figure 2.6 that both the breakthrough time and capture capacity decreased
after the first capture in the two regeneration scenarios. This reduction in performance may be
attributed to the reduction in the adsorption sites after the first capture. However, the performance
decline between the fresh adsorbent and the 2" used adsorbent was more pronounced when the
regeneration temperature was 100°C, although more sulfur was desorbed. Part of the reduction in

performance is because the desorption is not complete and the second reason is a potential material
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decomposition. Research by Siegfried et al. shows that CO. formation starts at 50°C and continues

up to 120°C during thermal annealing of GO and explains this as results from the removal of

carbon from the basal plane or edge, leading to defects in the carbon sheet structure [62]. However,

the carbon loss at 50°C is minimal, as indicated by their TGA-MS analysis, which barely detects

CO2 until 130°C. Additionally, the capture capacity seems to stabilize after the second capture,

suggesting that material decomposition has stopped and that only weakly adsorbed SO was

removed during the second desorption. Nonetheless, additional regeneration cycles are needed to

confirm the material's stability.
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Figure 2.6: Regeneration tests at (a) 25°C and (b) 100°C of GOFe.0O3-NH4 nanocomposites. The

capture experiments were conducted at 25 °C and 15 mL/min. Capture capacities at 1 ppm and 10
ppm for the capture tests conducted at (c) 25°C and (d) 100°C.
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2.4. Conclusions

In this study, iron oxide nanoparticles were synthesized using the polyol method, and co-
precipitation with NaOH or NH4 as reducing agents. The deposition of iron oxide nanoparticles on
the graphene oxide was confirmed through TEM, ICP-OES, and XPS analysis. The deposited
nanoparticles were less than 10 nm in size and homogeneously dispersed on the support and
homogeneously dispersed on the GO surface. Fe 2p high-resolution XPS spectra identified the
presence of Fe;O3 on GO for the three synthesized materials.

The breakthrough curves and capture capacities of GO and GO-iron oxide demonstrated that
the addition of iron significantly increases the performance of graphene oxide, with GOFe203-NHa
having the highest increase of about 400%. The type and concentration of nanoparticles were found
to play an important role in improving capture capacity. Notably, GOFe>03-NaOH showed the
same performance as GOFe.O3-NH4 in terms mass of SO, per mass of iron, despite having 47%
less iron on the GO surface. Moreover, supported iron oxide nanoparticles have a better capture
capacity than bulk iron oxide material. The S 2p spectra of GO indicated the presence of sulfate
species even before SO> capture, and the amount of sulfate increased for all the materials after the
experiment, confirming the effective SO, capture.

In the regeneration experiments, the material’s capture capacity decreased after the first cycle,
with SO desorption being incomplete even at 100°C, suggesting the presence of different types of
bonds between SO, and the GO-iron oxide surface. However, the capture capacity appeared to
stabilize after the second regeneration at 100°C.

Further studies will focus on identifying the interactions between the adsorbed SO and the
material by increasing the iron concentration on the surface of graphene oxide. Additionally, more
regeneration experiences with multiple cycles will be conducted to confirm the material’s stability
over time. Furthermore, the effect of temperature and other flue gas components, such as CO3, Oz,

and moisture on SO adsorption will also be investigated.
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Chapter 3. Graphene oxide and iron oxide composites as catalysts for

the oxidation of organic sulfides.

Abstract

The present work focuses on the development of a controlled and sustainable method for the
preparation of graphene oxide-iron oxide composite and its application as a catalyst in the
oxidation of sulfide. The nanoparticles were prepared from divalent and trivalent iron salts under
basic pH in an aqueous reaction that produced a 2:1 mixture of Fe?* and Fe®** oxides identified as
magnetite. Obtained nanocatalysts were immobilized over graphene oxide sheets to enhance their
photocatalytic activity and light harvesting region and extend it to the visible range. Results
confirmed the formation of iron oxides around 15 nm, homogeneously dispersed over graphene
oxide layers. The application of the as-prepared catalysts resulted in effective thioanisole
oxidation, achieving a 95% conversion in the presence of the catalyst and oxidizing agent. This
oxidation process, and dimerization of sulfide compounds into heavy sulfones, indicates potential

for use in wastewater treatment.
Keywo rds : sulfides, iron oxide, graphene oxide, catalyst, oxidation, photocatalytic activity

3.1. Introduction

The oxidation of organic sulfides is the most direct approach for producing sulfoxides and
sulfones [1,2]. These compounds are essential synthetic intermediates in the synthesis of
biologically active molecules, including high-value pharmaceuticals through asymmetric
oxidation [1-3]. Sulfide oxidation is also utilized to produce large-scale solvents for metallurgy
and improve the electronic properties of oligothiophene [1]. Another application is oxidative
desulfurization, a process used to remove sulfur compounds from petroleum fuels [4-6]. This is
important because sulfur in crude oil contributes to the corrosion of refining equipment, cause
premature failures in combustion engines, and poisons catalysts in the refining industry [4].
Furthermore, these compounds contribute to the release of sulfur oxides (SOx) into the atmosphere
upon fuel combustion, resulting in acid rain formation and contributing to air pollution [4,7].

Additionally, the oxidation of sulfide compounds is effective in removing malodorous sulfur
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compounds like dimethyl sulfoxide (DMSO) found in wastewater [8,9], addressing both
environmental and public health concerns.

Given the importance of this reaction, numerous studies have aimed to enhance it. Strong
oxidants like nitric acid, permanganate, or organic peracids (e.g., sulfonic acid) have been used,
but require large amounts of oxidizing agents, produce significant liquid waste, and are not
environmentally friendly [10]. Cheaper alternatives like molecular oxygen or hydrogen peroxide
(H20-) have also been explored. H-O: is the most popular due to its accessibility, safety, and the
fact that its only by-product is water [1,11]. Additionally, H,O> has a good oxidation potential (E°
=1.77 V, [10]), and its oxidation reactions to sulfoxide can be more easily controlled compared to
those using molecular oxygen or air [12].

To enhance the oxidation reaction with H202 at ambient conditions, both homogeneous and
heterogeneous catalysts have been studied [10]. Various metal catalysts including Pt, Ru, Mn, Cu
W have been studied for sulfide oxidation [13]. However, many of these catalysts require high
amounts of the oxidizing agent, ranging from 1.1-8.0 equivalents relative to sulfide. Notably,
catalytic systems based on Ti, V, and Fe have demonstrated high yields and selectivity for
sulfoxides while using an equimolar amount of H202 [13]. Iron oxides, in particular, have emerged
as environmentally friendly catalysts due to their low toxicity, abundance, and good catalytic
activity that facilitate the utilization of mild reaction conditions [14,15].

Iron oxide-based materials are usually treated as superior heterogeneous Fenton catalysts
[16,17], which is one of the most studied reactions for the oxidation and degradation/destruction
of organic pollutants [15,18]. In Fenton reactions, hydrogen peroxide is typically used as an
oxidant and reacts with Fe?* to generate radical OH+ (E°=2.80 V), which is a highly reactive
compound used to oxidize organic molecules [15,19]. However, it is difficult to regenerate the
Fe?* ion given the inherently slow Fe*to Fe?* reduction kinetics [15,18]. Iron oxide can be used
directly as a heterogenous catalyst or be incorporated into supporting materials like zeolites, metal-
organic frameworks, and carbon materials [15,18], which prevents the leaching of the iron ions
and increases their recyclability [15]. Incorporating carbon materials with heterogeneous Fenton
catalysts helps in the quick reduction of Fe3* to Fe?* due to their fast single electron transfer ability
[15,19,20]. Graphene is a two-dimensional monolayer of carbon atoms and exhibits superior
electron mobility, mechanical stability, and electrical conductivity [15,19]. Recent reports indicate

that both graphene oxide and iron oxide participate in the decomposition of H.O, and the
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generation of hydroxyl radicals [19,21]. Moreover, the active sites Fe?* are constantly regenerated
via the oxidation of the sp? domain which transfers electrons to the iron centers of FesO4 [21].
Additionally, the higher specific surface area and the several oxygen groups on its surface promote
the adsorption of organic pollutants on the surface of GO [15,22].

It is proposed in this paper to use a facile co-precipitation method for the synthesis of iron
oxide nanoparticles followed by a wet deposition on the surface of graphene oxide (GO) to produce
GO-Fe304 as a catalyst in the oxidation of sulfide compounds. Thioanisole was used as a sulfide
as it is a model aromatic thioether with widespread application as an intermediate in the production
of dyes, pesticides, and pharmaceutical formulations [23]. The photocatalytic activity of the
synthesized catalyst was also tested as it is known that certain iron oxides have the potential to act
as photo-catalysts because of their semiconducting properties [15] and can produce radical OHe
without the presence of H2O».

3.2. Materials and methods

3.2.1. Reagents

Iron sulfate (FeSO4.7H20, 99.0%) and iron chloride (FeCls, 97.0%) were purchased from
Sigma Aldrich. Ammonium hydroxide, used for pH control and regulation was obtained from JT
Baker. High surface area graphene oxide (GO) was purchased from ACS Materials (type B GO).
As a solvent, deionized water (s=0.055 mS/cm @ 25 °C) was utilized in experimentation and
HPLC grade Acetonitrile (CHsCN), Ethanol, and Methanol (JT Baker) were utilized in

identification analyses.

3.2.2. Instrumentation

Absorption and diffuse reflectance spectrophotometry analyses were performed in a HACH
DR6000 UV Vis instrument (I=190-1100 nm) with a Labsphere integrating sphere accessory. Light
scattering determinations were carried out in a Malvern Zeta Sizer Ultra, using DTS1070 cells.
Atomic absorption was performed in an Agilent 240 FS AA instrument using a 90/10
acetylene/oxygen mixture (v/v). For Fourier Transform Infrared (FTIR) spectrometry: a Shimadzu
IRTracer 100 with a QATR-10 accessory was used. High-performance liquid chromatography
(HPLC) was performed using a Shimadzu Prominence 20 Series, DAD UV detector equipped with
a 4.6x150 mm, =5 mm (200 /f\) Pursuit C-18 column. Gas chromatography-mass spectrometry
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(GC-MS) analyses were done with an Agilent 7820A GC equipped with a 30m x 250um x 0.25um
Agilent J&W column, He as carrier gas and coupled to single-quadrupole 5977C ESI+ MS
detector. The developed method consisted of a low rate of 1mL/min with a heating ramp of 60°C
x 1 min and an increase of 4°C/min until 160°C with a total runtime of 30 minutes. Transmission
electronic microscopy (TEM) analyses were carried out in a JEOL 2010 TEM (200 kV) using a
200 mesh C-coated copper grid. For X-ray diffraction (XRD) a Bruker D8 Advance equipped with
a CuKa (1=0.154 nm) X-ray source was used.

3.2.3. Synthesis of iron oxide nanoparticles

A 1:2 molar ratio of Fe?* (Fe,SO4+7H20) and Fe®** (FeCls) ions were dissolved in 25 mL of
deionized water containing 0.06 M of sucrose (sugar table) as surfactant [24]. The solution was
heated to 80°C and the oxidation took place by the addition of a 32 wt% ammonium hydroxide
solution. The hydroxide solution was added dropwise until a pH of 9 was reached, resulting in the
formation of a brown-to-black suspension indicative of the formation of magnetite nanoparticles
[25,26]. The effect of citric acid and sucrose as stabilizing agents was respectively studied as
shown in Table 3.1. When synthesizing with sucrose, 0.06 M of sucrose granules were dissolved
in water before the addition of the precursors and the reaction proceeded as described above. When
using citric acid, the reaction was conducted as described above, without sucrose and the required
amount of citric acid to decrease the pH from 9 to 7-8 was added to the solution. This was used as
a neutralization solution to drop the pH and allow the introduction of stabilizers to attach to the

particle surface and de-agglomerate the particles formed during precipitation [27].

Table 3.1: Iron oxide nanoparticles co-precipitation synthesis under different reaction conditions.

Citric

2 3, Sucrose ] ) System
Sample [Fe™] ke (Scr) acid Ammonia Volume Final pH
(CA)
mol/L pL mL
S1 0.01  0.02 - - 600 25.6 9
S2 0.01  0.02 0.06 - 600 25.6 9
S3 0.01  0.02 - 0.014 600 26.8 8
S4 0.01  0.02 0.06 0.014 600 26.8 7
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3.2.4. Wet deposition of nanoparticles on graphene oxide

200 mg of GO was dispersed in 50 mL of deionized water and 1.8 mL of the nanoparticles
suspension was added to have 1.4 wt% iron deposition on the surface of GO. The mixture was
agitated for 48-72 hours to ensure proper deposition. The mixture was then centrifuged, dried at
60°C for 2 hours, and ground to obtain a black powder of the catalyst iron oxide-supported GO
(GO-Fe30s4).

3.2.5. Oxidation of thioanisole

A concentrated solution of thioanisole solution was diluted in 25 mL of deionized water to
achieve a concentration of 0.3 g/L. The solution was stirred and heated to 50°C, then 30 mg of the
synthesized catalyst was added to the solution (1:4 substrate-to-catalyst ratio) followed by the
addition of hydrogen peroxide as an oxidizing agent. The effect of hydrogen peroxide was studied
by varying its concentration from a reaction without H>O> to low and high H.O> as presented in
Table 3.2. To study the light source effect, room illumination, visible LED, UV, and sunlight
irradiation tests were performed (Table 3.2). All the reactions were carried out at 50°C for 180 min
with samples collected every 30 minutes for HPLC analysis to study the kinetics of the reaction.
The samples for HPLC were prepared by removing the leftover catalyst using a 16000 rpm/5-
minute centrifugation. The detection of thioanisole was done at 250 nm, a mixture of
H2>0:ACN:MIBK:formic acid (50:25:24:01 v/v ratio) was used as the eluent and the runtime was
15 min. To determine the effect of GO-Fe3O4 and H.O> over reaction products, GC-MS analyses
were carried out upon reaction of thioanisole (0.3 g/L) with dispersed GO-Fe3z04 (1:4 substrate-to-

catalyst ratio) and in the presence (0.32 g/L) or absence of hydrogen peroxide.
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Table 3.2: Reaction conditions for oxidation of Thioanisole by GO-Fe3O4 catalyst.

Blan Cat. uv No Low High _
Treatment ool Comrol H0: o o, W sun Visible
[Thioanisole] (g/L) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
[H202] (g/L) - 0.16 - - 0.16 0.32 - - -
Thioanisole: H,0; 1:0 1:2 1:0 1:0 1:2 1:4 1:0 1:0 1:0
(molar ratio)
[GO- Fes04 Catalyst] - - - 30 30 30 30 30 30
(mg)
Thioanisole: Catalyst 1.0 1.0 1.0 1:4 1:4 1:4 1:4 1:4 1:4
(mass ratio)
Irradiation intensity 2.9 2.9 15 2.9 2.9 2.9 1.5 115.0 4.5
(klux)
. 365 nm 365nm  19°03°17”- 560 nm
Light source Room Room lamp Room  Room Room lamp 98°12°10™ LED

*Geographic coordinates of Puebla, Mexico, where were conducted the reactions.
3.3. Results and discussion

3.3.1. Aqueous synthesis of iron oxide nanoparticles

Iron oxide nanoparticles were prepared by the controlled oxidation of soluble iron (I1) and (I11)
salts to form non-soluble Fe3O4 crystals along with soluble ammonium chloride and soluble
ammonium sulfate. This aqueous co-precipitation method (Equation 3.1) has been previously
reported and is a common method for the preparation of magnetite and substituted ferrites [28—
30]:

2FeCly + FeSO, + 4H,0 + 8NH,0H — Fe;0, + 6NH,Cl; + (NH,),S0, + 8H,0 (3.1)

Under this method, magnetite is the main product. However, incomplete, side and reversible
reactions occurring on the light-sensitive FesO4 surface in aqueous systems will tend to oxidize
Fe?* ions in ferrites to form iron (I11) oxides with varying compositions and ratios [31].
Additionally, magnetite nanoparticles tend to agglomerate due to strong magnetic dipole-dipole
attraction, their Van der Waals interactions, and high surface energy [32]. To prevent their
agglomeration and oxidation, surfactants such as polyols, sucrose, and citric acid are typically used
[33,34]. Citric acid (CA) is a common surfactant used to stabilize iron oxide nanoparticles [27,35-
37] and sucrose (Scr) is a green alternative given its functionality and availability [32,34,38]. To

evaluate the convenience in the utilization of surfactant and pH storage conditions, a set of
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experiments was designed as presented in Table 3.1 to determine optimum reaction conditions and
the stability of the iron oxide-based product.

The Fe?* and Fe** content of iron oxide nanoparticles 28 days after the synthesis was
determined using spectral lines at 248 nm (Fe?*) and 372 nm (Fe3*) through atomic absorption as
shown in Figure 3.1. A calibration curve with a known concentration of each ion was performed

(see Figure A.4 in the appendices).

(=
~

100

55.62@ CA Sa _
sS4 + + | 828 ~,,és4

a) 64 1

o
(=]

32 4

(=)
(=]

316
83,179 &

' S1

S2

(0/0 F(,IH)

&~
o

224~

—
(=)}
!
(3]
(=]

S2

[~
(=]
L

i~
=
o
N
¢
)
|
[Se]
o
o

=209 @
s1

&
(=)
Il
|
wn
w

-36.7

( % Fe 2
i

Fe*'/Fe* Ratio
(=]
o
g
g
Relative change in mass after 28 days
[*2}
o (=}
1

I 7
(Theoretical) T S1
Fe Oy SZ?

e}
2
n
=
o0
(=}

+
[y
(=1
(=}
“JI
-

1 = T T 1‘ T

6 7 8 9 10 6 7 8 9 10
pH pH

Figure 3.1: (a) Fe* and Fe?* content of synthesized iron oxides with different combinations of

CA and Scr; (b) Relative changes in Fe®* and Fe?* in iron oxides after 28 days of storage as aqueous

suspensions.

FesO4 has a theoretical Fe**/Fe* ratio of 1:2 and it was observed in Figure 3.1a that synthesis
carried out without surfactants or using either sucrose or citric acid led to similar ratios even after
28 days (respectively, S1=1:2.41, S2=1:1.74, and S3=1:1.92). On the other hand, using both
surfactants together (CA+ and Scr+) increases the concentration of Fe3* (S4=1:55.62). The change
in mass was compared to the initial mass of iron used for the synthesis. After 28 days of storage
in aqueous dispersion, a trend towards Fe** was observed in all cases (Figure 3.1b). Of all
combinations, the system containing sucrose (S2) showed the least Fe** mass increase (17.9%)
followed by S3, containing only CA (22.4%). When Fe3O4 was synthesized in the absence of
surfactants (S1), Fe3* increased by 31.6% in terms of relative mass. Even though surfactants are
not mandatory in magnetite synthesis (S1), it can be inferred that CA and Scr as surfactants

stabilize iron oxides freshly created during the co-precipitation process. When both surfactants are
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used, preserving activity ceases, and gradual oxidation of magnetite towards Fe3* oxides is clear.
This behavior can be explained based on the capacity of citric acid to act as an interlinker in the
formation of oligomers made of hexoses and disaccharides as sucrose [39,40]. At high
temperatures, these molecules form ester-based chains and in some cases could yield to the
formation of furans [41]. As oxygen-based groups are occupied by esterification and organic H
bonds, there are few sites for Fe-O interactions which hinders the capping and surfactant
capabilities of CA and Scr.

Magnetite iron composition is not stable and tends to decay to Fe**-rich compounds. The most
common product of the oxidation of magnetite is maghemite (Fe.Oz3) [42]. Schwaminger et al.
demonstrated that magnetite nanoparticles subjected to a temperature of 60°C and agitated in an
air environment for 24 hours resulted in a complete oxidation of ferrous ions to ferric ions [43].
They elucidate the oxidation process of magnetite, highlighting that ferrous iron ions undergo
oxidation before the structural changes into maghemite. The oxidation initiates at the surface of
the nanoparticle, progressing inward to the core [43]. Additionally, it is established that divalent
iron ions located on tetrahedral sites on the surface of magnetite nanoparticles are prone to rapid
oxidation under ambient conditions due to direct contact with H>O and air [44,45]. Nevertheless,
this oxidation process can be mitigated or delayed by coating the nanoparticles with either organic
or inorganic molecules during the precipitation process [30]. Such coating forms a protective layer
around the nanoparticles, thereby impeding the oxidation process [30,46]. Consequently,
nanoparticles synthesized with surfactants (S2 and S3) exhibit a lesser increase in Fe3* mass,
indicating the efficacity of this approach. Given its cost-effectiveness and availability, sucrose
appears to be the most attractive option. As a result, sample S2, nanoparticles coated with sucrose,

was selected for the subsequent stages of GO-Fe3O4 catalyst synthesis.

3.3.2. Wet deposition of nanoparticles on graphene oxide

The nanoparticles prepared using sucrose (S2), being the most stable among the produced
nanoparticles, were subsequently utilized to prepare GO-Fez0a. Electron microscopy confirmed
the deposition of iron oxide nanoparticles over the surface of graphene oxide sheets. GO-Fez04
catalyst is composed of large sheets of graphene oxide with small dense particles associated with
metal oxides that are homogeneously distributed over the carbon surface (Figure 3.2a). Closer

observations reveal that these dense particles are agglomerations of smaller units with individual
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units measuring approximately 15 nm in diameter and overall cluster sizes ranging from 50 to 150
nm (Figure 3.2b). The primary crystal planes were identified using the Joint Committee on Powder
Diffraction Standards (JCPDS) cards 19-0629 and 11-614 for magnetite and 39-1346 for g-Fe20:s.
High-resolution transmission electron microscopy (HRTEM) in Figure 3.2c, allowed us to observe
single oxide particles and determine their crystalline properties. It is possible to observe that the
predominant orientation has 2.8 A spacing which corresponds to the [220] facet of magnetite [47].
It is also very clear to observe a periodic pattern with 4.9 A spacing that corresponds to [111] facet
of spinel ferrites [25,47]. Single Area Electron Diffraction (SAED) patterns presented in Figure
3.2d allowed us to further identify [222] and [440] facets with distances of2.42 and 1.48 A [25,47].
This confirms that the metal oxide particles over the GO surface are cubic spinel iron ferrites
associated with FesO4. The X-ray diffraction pattern presented in Figure 3.2e corresponds to iron
oxide prepared by co-precipitation and shows the typical pattern of cubic spinel magnetite with its
characteristic signals at 30.65° [220]; 35.8° [311]; 43.52° [400]; 54.12° [422]; 57.51° [511] and
63.13° [440] [25,47-49]. From Scherrer Debye equation it was possible to determine crystallite
size to be 10.90 nm which is in close resemblance to electron microscopy images. For the GO-
FesO4 catalyst, it was still possible to observe the peaks of magnetite and a new peak emerged at
44.54°, associated with 100 facets of graphene oxide [50,51].
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Figure 3.2: Morphology characterization of GO-Fe3O4 catalyst with nanoparticles from sample
S2. (a) low magnification for general GO-FesO4 morphology; (b) high magnification of Fe3O4
particles over GO surface; (¢) HR-TEM micrography showing principal lattice arrangements; (d)
SAED pattern with identified FesO4 planes; (e) X-Ray diffractogram for bare FesO4 oxides and
final GO-Fe304 catalysts.

FTIR analyses of the GO and GO-Fe3O4 presented in Figure 3.3a confirm the presence of
organic and inorganic materials corresponding to GO and iron oxides. The broad peak appearing
at 3500 cm?, attributed to the O-H bond, reveals the presence of hydroxyl groups in graphene
oxide. The band observed at 1705 cm™ was assigned to the carboxylic group (C=0 stretching).
The peaks found at 1611, 1222, and 1036 cm™ were due respectively to aromatic C=C stretching,
C-O-C stretching (epoxy group), and the vibrational mode of the alkoxy C-O group [52,53]. The
presence of iron oxide on GO-Fe304 is confirmed by the peak found at 458 cm™ associated with

the vibrational mode of metal-oxygen bonds in the crystalline lattice of FezO4[38,39]. However,
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the addition of iron on the GO surface led to the loss of O-H, and C=0 bonds. Peaks in the region
2158 - 2000 cm™ suggest the presence of CO; intercalated between the GO layers which can be
attributed to the 60°C drying step required to produce GO-Fe304 catalyst powder. According to
research conducted by Siegfried et al., the formation of CO starts at 50°C and progresses up to
120°C during thermal annealing of GO at 50°C to 150°C [56]. This formation results from the
removal of carbon from the basal plane or edge, leading to defects in the carbon sheet structure
[56,57].

The zeta potential curves in Figure 3.3b show a negative charge on the surface of the graphene
oxide and the intensity increases with the addition of iron oxide without changing the zeta potential
value. The UV-vis spectrum in Figure 3.3c reveals a peak around 300 nm corresponding to the n-
m* transitions of the C=0 bonds present in graphene oxide [53]. The peak around 260 nm for the
GO-Fe304 material indicates the presence of iron oxide nanoparticles [58]. Figure 3.3c also
indicates that the samples are more responsive in the ultraviolet region. The direct band gap energy

(Eg) in Figure 3.3d was obtained using the Tauc’s equation [59]:
(ahv)? = k(hv — Eg) (3.2)

where a is the absorbance coefficient, h the Planck’s constant, hv the incident photon energy, and
k is the constant associated with the material. By plotting (ahv)? as a function of hv (Figure 3.3d)
and extrapolation of the linear portion of the curve, Egq is the x value when (ahv)? = 0. The Eg4 of
GO-Fez04 was lower than that of pristine GO (2.24 eV and 3.23 eV respectively) indicating that
the deposition of iron oxide nanoparticles on the GO surface increases the conductivity of the

material.
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Figure 3.3: Characterization of GO and GO-Fe304 catalyst containing nanoparticles from sample
S2: (a) FTIR; (b) Zeta potential; (c) UV-Vis spectrum; (d) Direct bandgap determination through

Tauc’s method.

3.3.3. Oxidation reaction with thioanisole

The catalytic properties of the synthesized GO-FezOs catalyst were investigated under
different oxidizing and light irradiation conditions as shown in Table 3.2. The conversion of
thioanisole was monitored using HPLC as explained in section 2.5 and the results are presented in
Figures 3.4a and b. The changes in thioanisole concentration for each reaction were calculated
using a calibration curve showing the area under the thioanisole absorption peak at 250 nm as a
function of the thioanisole concentrations (Figure A.5 in the appendices). The retention time (Ty)

was found to be between 5 and 7 min. The control experiments, the reaction without the oxidizing
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agent and catalyst (Blank) and the reaction containing only the oxidizing agent (Cat. control), have
low thioanisole conversion (up to 8%) confirming the need for a catalyst for the reaction [60].
Conversely, in the presence of only the catalyst (no H20>), a conversion of 64.2% of thioanisole
was observed indicating the catalytic activity of the synthesized GO-FezO4 material. The addition
of H20O: increases the conversion from 64.2% to 92.8%. A possible explanation is that the addition
of H2O> leads to the formation of radical species, namely, hydroxyl radicals through Fenton
chemistry [15,21,61] presented in Equation 3.3. The produced hydroxide radical then oxidized the
sulfide compounds. The increase of the substrate: H.O> molar ratio from 1:2 (Low H20) to 1:4
(High H20>) did not show a significant increase in the conversion of thioanisole (going from 92.8%
to 95.8%), indicating only a slight dependence on H2O, concentration at these levels.

Fe?* + H,0, - Fe3* + OH e + OH" (3.3)

The photocatalytic activity of the synthesized GO-Fe304 catalyst was studied as well. Figure
3.4b shows thioanisole concentration changes during reactions without H>O. under visible light,
room light, UV light, or sunlight irradiation. Thioanisole conversion under UV light was 89.6%,
77.7% under sunlight, 75.2% under visible light, and 64.2% under room light (no H202 condition
in Table 3.2), indicating the photocatalytic property of the synthesized catalyst (see Table 3.3).
This activity involves the absorption of a light photon of energy greater than or equal to the
photocatalyst’s band gap, exciting electrons from the valence band to the conduction band and
generating charge carriers [62,63]. The excited electrons react with the available oxygen (O3)
molecules to form superoxide anion (02" ") radicals [62], while the holes in the valence band react
with water to produce hydroxyl radicals (OHe). O2" further react with H20 to produce hydrogen
peroxide (H202), which decomposes into OH« in presence of light [62]. The produced radicals are
highly oxidative [62,64].

The UV light irradiation without H.O> showed the highest thioanisole conversion with 89.6%,
closer to the conversion obtained when using the catalyst and H>02 (92.8%). The bandgap energy,
being the minimum energy required to excite an electron from the valance band to the conductive
band, determined the energy a photon must have to activate the photocatalyst [62,63]. UV light
photons, with energy ranging from 3.1 to 12.0 eV [65] exceed those of visible light photons, which
range from 2.00 to 2.75 eV [66]. Given the catalyst’s bandgap energy of 2.24 eV, the higher

conversion under UV light is explained. Moreover, the conversion of thioanisole under visible
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light (75.2%) and sunlight (77.7%) indicates that the material could potentially be optimized to
function effectively under low light energy. However, it is important to note that the reaction
temperature was maintained at 50°C when using different light sources. Additional experiments
without supplemental heat are therefore necessary to fully evaluate the photocatalytic efficiency
of the material.
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Figure 3.4: Changes in thioanisole concentration as a function of time and kinetic studies under
different catalytic treatments. All the reactions were done at 50°C for 3 hours and GO-Fe304
catalyst containing nanoparticles from sample S2 was used in a ratio of 4:1 to the substrate. Blank:
-catalyst-H»O-; Cat. control: -catalyst+H20-; the substrate to oxidizing agent molar ratio for low
and high H20, are 1:2 and 1:4. UV control: -catalyst-H202+UV light (365 nm lamp); reactions
under UV light, Sunlight (19°03'17"-98°12'10"), visible (560 nm LED) and room light (no H20:
and no particular irradiation) were done in the absence of H20.. (a) presents the effect of catalyst
and H2O> over thioanisole conversion; (b) is the effect of light irradiation over thioanisole

conversion; (c) and (d) presents the first-order kinetics of the reactions.
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The catalytic activity of the synthesized catalyst was analyzed using the first-order kinetic
model theory expressed by Equation (3.4) [67]:

In(C,/C,) = —kt (3.4)

Where k is the rate constant of thioanisole consumption, Co and C:are the concentrations of
thioanisole at times t = 0 and t =t minutes, respectively. Figures 3.4d and ¢ show the plots of In
(Co/Cy) versus time. The rate constants k of each reaction are presented in Table 3.3. As expected,
the GO-Fes0,4 catalyst with high H20, had the highest rate of conversion (0.017 mint), followed
by GO-FesO4 without H,O2 under UV light irradiation (0.013 min™?). These results indicate
promising photocatalytic activity of the material under UV light, and further optimization of the
material could enhance its performance. For instance, studies by Adrian Radon et al. [59] and
Mamotaj Khatun et al. [62] demonstrated that increasing the particle size of FesO4 and nickel
stannate (NiSnOs3) nanomaterials leads to a decrease in the energy band gap which improves the

catalyst’s efficiency.

Table 3.3: Rate of thioanisole oxidation and conversion percentage under various oxidation
treatments with GO-Fe3Os catalyst at 50°C. Low and high H20. conditions correspond
respectively to molar ratios of 1:2 and 1:4 for substrate: H.O>. Reactions under UV light (365 nm),
Sunlight (19°03'17"-98°12'10"), and visible light (560 nm LED) were conducted without HO5.

Blank Cat. uv No Low High uv Sun Visible
Control Control H20: H20: Hz02
Rate constant k - 0.0002 0.001 0.005 0.014 0.017 0.013 0.009 0.0075
(1/min)
Conversion of - 7.6 16.7 64.2 92.8 95.8 89.6 71.7 75.2

thioanisole (%)

Product analysis by gas chromatography coupled with mass spectrometry (GC-MS) was
carried out to identify the effect of H2O> as a reactive oxygen species (ROS) primary source (Figure
3.5). Thioanisole was identified at T,=18.7 min with its distinctive m/z=124 (C7HsS™"). In the case
of treatment with H>O, (+ GO-Fes04 + H205), only one main adduct, identified as Product A (Pa)
was observed at T=11.8 min with m/z=266 [M*] and C12H1003S," formula. This compound is

identified as phenyl benzene sulfinyl sulfone, a sulfone-sulfoxide dimer that confirms the oxidation
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of thioanisole, and similar structures have been previously reported [68,69]. In the case of
oxidation with GO-Fe304 with no H202, two main products were observed: Pa (T=11.7 min
m/z=266 [M*], Ci12H1003S,;"), and a secondary product (Pg) at T,=11.1 min with m/z=282
associated to C12H1004S2" (phenyl disulfone) formula, which was not observed in H2O»-driven
reaction. Reactions in the absence of H>O- typically show lower reaction rates [70] and the milder
conditions present in H2O.-free environments allow secondary pathways to produce additional
adducts that are not typically observed in highly oxidant environments [71,72].
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Figure 3.5: GC-MS identification of major adducts upon oxidation of thioanisole by GO-Fe304

catalyst containing nanoparticles from sample S2. High H>O> indicates a molar ratio of 1:4 of

substrate to H.O>. The reactions were conducted at 50°C under room light.

The full FTIR spectra of fresh thioanisole and its oxidation products in the presence or absence
of H20- are presented in Figure 3.6a. For a closer analysis of functional groups, different regions
were identified and labeled as R; (Aromatic stretches); Rz (Fingerprint region) and Rz (far IR). In
all cases, it was possible to identify typical features of aromatic C=C-H bonds at ~2970 cm™. At
3020 cm™, the thioether (R-S-R’) signal is clear for thioanisole but, this signal fades upon oxidation

treatment. The formation of S-H thiol groups was discarded as its distinctive signal at 2550 cm™
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was not present in any reactions [73]. This confirms that the oxidation of thioanisole takes place
at aliphatic groups and does not cleavage the benzenic ring (Figure 3.6b) as reported before [74].
The fingerprint region (1300 to 1000 cm™) showed the presence of R-S-R” skeletal vibrations at
1090 cm™ in the case of thioanisole and the reaction without H-O. (Figure 3.6c); however, this
signal was not noticeable when H,O, was present. Signals at 1290 cm™ and 1050 cm™? associated
with sulfones and sulfoxides respectively, are present in GO-FesO4 but are not noticeable when
H20; is present. In the Rs region (between 650-800 nm) the peak at 680 cm™ is associated with
disulfide bonds that were observed after any of the catalytic treatments [75]; the evidence suggests

an oxidation consisting of dimerization through the formation of oxidized S-S bonds.

a) R 1 Thioanisole R 3
\_/ GO-Fe;,0, + high H,0, "
W‘\—/ 0 Nes
i W\

3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600
Wavenumber (1/cm)
= Thioanisole ]{ R
b)| — Go-Fe,0, + high 1,0, 1/¢) d) 3
—— GO-Fe;0,
>
[=a) 3
(=} =}
™ g
= =
< ©n
e : g %
% o BoS z
EN "o £ w F
ga s ~ s
g a = v o =
£ g2
—
> = 2 9
@ ? ° @
m I
3100 3050 3000 2950 2900 1300 1200 1100 1000 800 750 700 650

‘Wavenumber (1/cm)

Figure 3.6: FTIR analyses of the oxidation products of thioanisole oxidation by GO-FesO4 (with
S2 nanoparticles) at 50°C under room light. H2Oz indicates a molar ratio of 1:4 of the substrate to
H20,. (a) Full spectra; (b) Aromatic region (2900-3100 cm); (c) Fingerprint region (1000-1300
cm?) and (d) Far IR (650-800 cm™).
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3.4. Conclusions

In this study, FezO4 nanoparticles have been synthesized by co-precipitation. The presence of
surfactant, particularly sucrose, did improve the stability of the nanoparticle. GO-Fes3Os
nanocomposite was prepared through wet deposition of the nanoparticles containing sucrose and
the TEM, XRD, and FTIR confirmed the deposition of nanoparticles on the GO surface. TEM
analysis revealed round-shaped nanoparticles of 15 nm on the GO surface and the HRTEM, and
SAED analyses identified the nanoparticles as FezOa.

The prepared nanocomposite showed catalytic activity during the oxidation of thioanisole at
50°C independently of the presence of the oxidizing agent, H.O>. However, the rate of the
thioanisole conversion increased in the presence of H202, going from 0.005 min™ to 0.014 min,
highlighting the role of H>O, as an oxidizing agent. The main product of the oxidation of
thioanisole in the presence of GO-Fe304 and H>O2was phenyl benzene sulfinyl sulfone, a sulfone-
sulfoxide dimer. This indicates that the oxidation of thioanisole is achievable with this catalyst and
under these conditions, although the reaction lacks selectivity.

The optical band gap value of 2.24 eV indicated the semiconductive nature of the synthesized
GO-Fez04 material and the possibility of being activated under visible light. The photocatalytic
activity of the GO-Fe304 catalyst was evaluated at 50°C without H2O2 under various light sources,
resulting in conversion percentages of 89.6% under UV light, 77.7% under sunlight, 75.2% under
visible light, and 64.2% under room light. These results suggest the potential for using the GO-
Fe304 catalyst under low-energy light sources. However, the material should be further optimized

and tested at room temperature for a more comprehensive evaluation.
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Chapter 4. Conclusions

4.1. Summary of key findings

Sulfur pollutants are commonly found in the air as SO> or in wastewater as sulfides, typically
originating from sulfur-containing fuel combustion and fuel refining processes in the oil and
refinery industries, respectively. Given the continued reliance on fossil fuels as a source of energy,
it is crucial to enhance and develop new desulfurization techniques. In this research, GO-iron oxide
composites were synthesized and utilized as adsorbents and catalysts, for room-temperature SO
removal and sulfide oxidation reactions.

For SO gas removal, the impact of various nanoparticle synthesis methods on the capture
capacity of graphene oxide was evaluated. Iron oxide nanoparticles were synthesized using co-
precipitation and polyol methods, with NaOH and NH:OH as reducing agents for the co-
precipitation method. TEM analysis revealed that the deposition of nanoparticles did not alter the
layered structure of graphene oxide. In the case of nanoparticles from co-precipitation, TEM
confirmed the presence of well-dispersed, round-shaped nanoparticles, less than 10 nm in size, on
the GO surface. High-resolution XPS analysis led to the identification of the iron oxide
nanoparticles as Fe2Os. The as-prepared GOFe20s-polyol, GOFe203-NaOH, and GOFe203-NH4
were tested for SO> capture at 25°C and a flow rate of 15 mL/min. The breakthrough curves and
capture capacity calculations showed enhanced capture with the addition of Fe>Os. The highest
capture capacity was obtained with the GOFe203-NH4 sample, at 3.1 mg SO2/sorbent, followed by
GOFe203-NaOH, GOFe,03-polyol and GO, with 1.7, 1.3, and 0.6 mg SO2/gsorbent, respectively.
The superior capture capacity of GOFe20s-NH4 was partially attributed to the effective deposition
of iron oxide nanoparticles on the GO surface, leading to a higher concentration of nanoparticles.
Despite having only 1.3 times more iron than GOFe,Oz-polyol, GOFe.O3-NH. achieved a capture
capacity 2.4 times higher, thus indicating the influence of the nanoparticle on material
performance. The influence was further confirmed by the quantity of SO, captured per mass of
iron. In that case, GOFe;0O3-NaOH demonstrated similar performance to GOFe,O3-NH4 relative
to the iron content (207.0 and 207.2 mg SO2/gre), despite a lower surface iron concentration (0.81%
and 1.52% of Fe wt%, respectively). Additionally, supported nanoparticles were found to have a
better capture capacity than bulk iron oxide. The S 2p spectra of GO and Fe 2p of GO-iron oxide

indicated the presence of SO4% and FeSQa, respectively, before capture. These are associated with
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residual sulfur from the synthesis of graphene oxide and the presence of iron in the GO-iron oxide
samples. After capture, the amount of SO.% increased in all samples, while the amount of FeSO4
slightly increased. This suggests that the adsorbed SO, may bond with either the iron or GO.
Additionally, SO, desorption was found to be incomplete, even at 100°C, indicating a potential
combination of physisorption and chemisorption. The adsorbents still kept part of their capture

capacity during cycle runs.

The GO-iron oxide composite was also evaluated for its ability to oxidize sulfides, particularly
thioanisole. The nanoparticles were synthesized using the co-precipitation method, and the effects
of sucrose and citric acid as surfactants on the stability of the nanoparticles over time were
explored. Atomic absorption analysis indicated that it was possible to achieve nanoparticles with
a Fe?": Fe* mass ratio of 1:2 without surfactants. However, the addition of surfactants appeared
to slow the increase in Fe®* mass, suggesting that surfactants can slow the oxidation of Fe?* over
time. Nanoparticles synthesized with sucrose, which resulted in the least increase in Fe** mass,
were chosen for the subsequent deposition on the GO surface through wet deposition. HRTEM,
XRD, and SAED analyses identified the nanoparticles as FezOs. TEM analysis confirmed the
deposition of round-shaped nanoparticles with a size of around 15 nm. FTIR and UV-Vis spectra
further confirmed their deposition on the GO surface. The introduction of FesO4 on GO reduced
the direct band gap energy from 3.23 eV to 2.24 eV, suggesting a potential photocatalytic activity
under low light energy. GO-Fe304 was then tested for thioanisole oxidation at 50°C in the presence
of H.O; as an oxidizing agent. The material demonstrated catalytic properties by achieving a
conversion of thioanisole of 64.2% even without H.O>. The photocatalytic activity was evidenced
when the UV-catalyst system, without H2O», achieved a thioanisole conversion rate of 89.6%
similar to the 92.8% conversion observed with the H.O»-catalyst system. Under visible light, the
conversion reached 75.2%, suggesting potential for further optimization to enhance performance
under visible light conditions. GC-MS and FTIR analyses confirmed the production of sulfone

compounds, specifically phenyl benzene sulfinyl sulfone and phenyl disulfone.
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4.2. Future work

The GO-iron oxide composite has shown potential as an adsorbent for SO, removal and a
catalyst for thioanisole oxidation. However, further optimization of the material is required in both
applications. Future works for SO, removal will focus on investigating the interaction between the
adsorbed SOz and the material. Characterization techniques such as HR-TEM or XRD are needed
to identify the type of Fe2Os produced. Additionally, the influence of temperature and other flue
gas components like CO2, O, and moisture, on SO, adsorption will be investigated. In the context
of catalytic sulfide oxidation, studies will explore how the nanoparticle size could enhance the
photocatalytic activity of the GO-FesO4 material under low-energy light sources like visible light.
Furthermore, in both applications, the material's activity should be evaluated over multiple cycles

of experiments to ensure its reusability.
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Appendices

Experiment setup
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Figure A.1: (a) SO capture setup; (b) quartz tube containing the adsorbent sandwiched between

quartz wool.
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Additional GO and GOFe203 characterization
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Figure A.2: (a) TEM of pristine GO; XPS survey of (b) GO; (c) GOFe.03-NaOH; (d) GOFe20s-

NHa.

Breakthrough curve
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Figure A.3: Breakthrough curves of iron oxide nanoparticles from the co-precipitation method

using NaOH as a reducing agent. The SO> capture was done at 20°C and 15 mL/min.

Atomic absorption and HPLC calibration curve
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Figure A.4: Atomic adsorption calibration curve for quantification of Fe?* and Fe3* in iron oxide
catalysts. Atomic absorption was performed in an Agilent 240 FS AA instrument using a 90/10

acetylene/oxygen mixture (v/v).
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Figure A.5: Calibration curve from HPLC analysis for determining thioanisole concentrations.

The detection of thioanisole was done at 250 nm, a mixture of H>O:ACN:MIBK:formic acid
(50:25:24:01 v/v ratio) was used as the eluent and the runtime was 15 min. The retention time (T)
was found to be between 5 and 7 min. The area values under the thioanisole peaks were plotted as

a function of thioanisole concentrations ranging from 0 to 5 mM.

Sample calculations

Capture capacity calculation

The SO capture capacity was calculated using the following formula:

_ J(C; = Cp)dT x volumetric flow rate
B masse of material

(A4.1)

The integral term was calculated by subtracting the area under the curve of the sample of the area
under the curve of the blank curves.
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The area is calculated using the trapezoidal rule:

t=(t—1)

area under the curve = z (0.5 X (y1 +¥2) X (x1 + x3) (A.2)
t=0
Amount of gas adsorbed = blank area — sample area = a (ppm.min) (A.3)

By multiplying the amount adsorbed with the flow rate during the reaction (f) and applying the
unit conversion:

mol 50, SO 1mol 1L 1000m
9S50, 0 g
— g% ‘mL ><10‘6m—0[><64 X X X
q a X f(ppm.mL) ppm mol SO, 224L 103mL 1g

q = aX f(ppm.mL) X 2.8571 X 107® mgS0,

The quantity of SO, captured in mg per mass of adsorbent in g will be:

a X f(ppm.mL) X 2.8571 X 107 mgSo0, o 1mg
50 mg of GOFe,04 1073 g

q= aXfx5714 X 107 mgsoz/gsorbent

Direct band gap enerqy calculation:

The absorbance of the material at each wavelength is obtained from the UV-vis spectrum.
Abs = 0.594 & A = 190nm
T=R=10"40 = 107059 = 0.255

_(1-R)
2R
A=19x%x10""m

a = 1.09

hc
E = =7 = ((6.62608 x 1073%) % (2.997925 x 108))/1.9 x 1077
E=1.05x10"18]
1eV
hv (eV) =E (J) X =6.53 el

1.60218 x 1019
(ahv)? = (1.09 X 6.53)2 = 50.66
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