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Abstract 
Nanomaterials and nanoparticles are now largely investigated for various applications due 

to their unique properties. Iron oxide nanoparticles are increasingly popular due to their non-

toxicity, affordability and versatility as well as iron abundance. Their potential magnetism is a 

valuable property in the field of heterogeneous catalysis as it allows for an easy recovery of the 

catalyst. In this project, iron oxide nanoparticles were designed and synthesized using green 

approaches as well as more traditional coprecipitation approaches and investigated for 

environmental applications. The nanoparticles were used for the adsorption of trace concentration 

of SO2 and revalorisation of waste glycerol produced from the biodiesel production.  
 

Low concentrations of SO2 are present in industrial gaseous effluents even after flue gas 

desulfurization. Trace SO2 capture is challenging, and even low concentrations (ppm levels) of 

SO2 can deactivate or poison catalysts used in processes aiming to revalorise the desulfurized gas. 

In this work, cellulose-based adsorbents modified with iron oxide nanoparticles are proposed as a 

solution to remove trace SO2. Cellulose is selected as it is sustainable, abundant, and innocuous, 

has a high surface area and contains hydroxyl groups on its surface which facilitate nanoparticles 

deposition. The iron oxide nanoparticles were obtained from a plant-based reduction process using 

green tea extract. Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis 

(TGA), transmission electron microscopy (TEM), scanning transmission electron microscopy 

(STEM), scanning electron microscopy (SEM) and X-ray diffraction (XRD) were used to assess 

the nanoparticle deposition and characterize the adsorbents. It was observed that the deposition 

process was more effective on microcrystalline cellulose than on nanocrystalline cellulose. The 

amount of reducing agent used had an impact on the chemical speciation of the iron oxide 

deposited on the cellulose and the degree of particle agglomeration.  

Breakthrough capture experiments were conducted at room temperature using an inlet stream 

containing 25 ppm SO2 in argon. The impact on the adsorption capacity of the adsorbents synthesis 

parameters, such as the type of cellulose used, the deposition time, the iron loading on the 

adsorbent and the amount of reducing agent used for the deposition, were evaluated. 

Microcrystalline cellulose modified with iron oxide nanoparticles showed a significantly higher 

affinity for the SO2 than modified nanocrystalline cellulose, or both types of pristine cellulose. 

The optimal iron oxide nanoparticle deposition time on the microcrystalline cellulose was 

observed to be 72 hours. The adsorption capacity was directly related to the iron content in the 



  iii 

adsorbent and increased from 0.017 mgSO2/gadsorbent to 0.45 mgSO2/gadsorbent when the iron content 

was increased from 0.16 wt% to 2.71 wt%. The chemical speciation of the iron also had a 

significant impact on the adsorption with Fe3O4 nanoparticles performing the best. Future work 

will focus on including CO2, O2 and H2O in the inlet gaseous stream and performing other 

modification to cellulose to increase its adsorption. 
 

Otherwise, biodiesel production has increased significantly over recent years to provide an 

alternative fuel. 10% w/w of glycerol is produced as a byproduct from the biodiesel production, 

and this has led to a saturation of the glycerol market, making it a waste material. Glycerol can 

however be valorized into platform chemicals through various reactions such as oxidation. We 

therefore propose a Fe3O4-based catalyst to perform this oxidation in both a Fenton-like system 

and a photocatalytic system to produce dihydroxyacetone which has a higher economical value. 

The Fe3O4 nanoparticles were obtained from two different methods: coprecipitation and steel 

revalorisation, and further compared to FeCl3 catalytic system. Both were doped with Ag 

nanoparticles using NaBH4 or green tea extract as reducing agents. The catalysts were 

characterized by dynamic light scattering (DLS), XRD, TEM and their band gap was measured 

using diffuse reflectance spectroscopy (DRS) and the Tauc method. Both types of Fe3O4 showed 

a nearly identical size distribution, but more nanoparticle agglomeration was observed on the 

revalorised Fe3O4. The Ag doping was confirmed by XRD and the bandgaps of all the doped 

catalysts were smaller than their non-doped counterparts. 

The catalysts were compared to a traditional Fenton oxidation of glycerol and the reaction 

was monitored by 1H NMR. Parameters such as the hydrogen peroxide to glycerol ratio, the 

doping, the type of Fe3O4 and the mass of catalyst were investigated. All the Fe3O4 based catalysts 

showed a higher dihydroxyacetone selectivity than the FeCl3, but a lower conversion. 

Dihydroxyacetone selectivity as high as 94% was measured when using Fe3O4 nanoparticles doped 

with Ag by using NaBH4. However, the conversions remained between 6% and 19% for the Fe3O4 

catalysts. In the photocatalytic system, the intensity of the light, the pH and the temperature were 

investigated. Future work will focus on improving the conversion in the Fenton-like system, 

transitioning to only revalorisation Fe3O4 and performing more photocatalytic studies 
 

Keywords: 
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Résumé 

Les nanomatériaux et les nanoparticules sont désormais largement étudiées pour diverses 

applications en raison de leurs propriétés uniques. Les nanoparticules d'oxyde de fer sont de plus 

en plus populaires en raison de leur non-toxicité, de leur prix abordable et de leur polyvalence en 

plus de l’abondance de fer. Leur magnétisme potentiel est une propriété attirante dans le domaine 

de la catalyse hétérogène, car il permet une récupération facile du catalyseur. Dans ce projet, des 

nanoparticules d'oxyde de fer ont été conçues et synthétisées en utilisant une approche verte et une 

approche plus traditionnelle de coprécipitation, puis elles ont été étudiées pour deux applications 

environnementales. Les nanoparticules ont été utilisées pour l'adsorption de faible concentration 

de SO2 et la revalorisation du glycérol, un déchet généré lors de la production de biodiesel. 
 

De faibles concentrations de SO2 sont présentes dans les effluents gazeux industriels, même 

après le processus de désulfuration des gaz de combustion. La capture de faibles concentrations de 

SO2 est un défi et même des concentrations minimes de SO2 (niveaux de ppm) peuvent désactiver 

les adsorbants ou empoisonner les catalyseurs utilisés dans les processus visant à revaloriser le gaz 

désulfuré. Dans ce projet, des adsorbants à base de cellulose modifiée avec des nanoparticules 

d'oxyde de fer sont proposés comme une solution pour capturer le SO2 en faible concentration. La 

cellulose est choisie parce qu'elle est renouvelable, abondante, non nocive, qu'elle possède une 

surface spécifique élevée et qu'elle contient des groupes hydroxyles à sa surface qui facilitent le 

dépôt de nanoparticules. Les nanoparticules d'oxyde de fer ont été obtenues à partir d'un procédé 

de réduction à base de plantes utilisant de l'extrait de thé vert. La spectroscopie infrarouge à 

transformée de Fourier (FTIR), l'analyse thermogravimétrique (TGA), la microscopie électronique 

à transmission (TEM), la microscopie électronique à transmission à balayage (STEM), la 

microscopie électronique à balayage (SEM) et la diffraction des rayons X (XRD) ont été utilisées 

pour évaluer le dépôt des nanoparticules et caractériser les adsorbants synthétisés. Il a été observé 

que le processus de dépôt était plus efficace sur la cellulose microcristalline que sur la cellulose 

nanocristalline. La quantité d'agent réducteur utilisée a eu un impact sur la spéciation chimique de 

l'oxyde de fer déposé sur la cellulose et sur le degré d'agglomération des particules.  

Des expériences d’adsorption pour obtenir les courbes de percée ont été menées à 

température ambiante en utilisant un flux d’entrée contenant 25 ppm de SO2 dans de l'argon. 

L'impact sur la capacité d’adsorption des paramètres de synthèse des adsorbants, tels que le type 
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de cellulose utilisé, le temps de déposition, la concentration de fer sur l'adsorbant et la quantité 

d'agent réducteur utilisée pour la déposition a été évalué. La cellulose nanocristalline n'était pas un 

matériau approprié pour cette application, même lorsque des nanoparticules d'oxyde de fer étaient 

déposées sur le support. Au contraire, la cellulose microcristalline modifiée avec des 

nanoparticules d'oxyde de fer a montré une affinité significativement plus élevée pour le SO2 que 

la cellulose nanocristalline modifiée et que les types de cellulose vierge. 

Le temps de déposition optimal des nanoparticules d’oxyde de fer sur la cellulose 

microcristalline a été évalué à 72 heures. La capacité d'adsorption était directement liée à la teneur 

en fer de l'adsorbant et augmentait de 0,017 mgSO2/gadsorbant à 0,45 mgSO2/gadsorbant lorsque la teneur 

en fer était augmentée de 0,16 % massique à 2,71 % massique. La spéciation chimique du fer a 

également eu un impact significatif sur l'adsorption, les nanoparticules Fe3O4 étant les plus 

performantes. Les travaux futurs porteront sur l'inclusion du CO2, de l'O2 et du H2O dans le flux 

gazeux d'entrée et sur d'autres modifications de la cellulose afin d'améliorer son adsorption. 
 

D’autre part, la production de biodiesel a considérablement augmenté ces dernières années 

de répondre à la demande pour ce carburant alternatif. 10 % massique de glycérol est généré 

comme sous-produit de la production de biodiesel, ce qui a entraîné une saturation du marché du 

glycérol, le transformant en déchet. Le glycérol peut cependant être valorisé en produits chimiques 

de plateforme par le biais de diverses réactions telles que l'oxydation. Nous proposons un 

catalyseur à base de Fe3O4 pour réaliser cette oxydation à la fois dans un système de type Fenton-

like et dans un système photocatalytique afin de produire de la dihydroxyacétone qui a une valeur 

économique plus élevée. Les nanoparticules de Fe3O4 ont été obtenues par deux méthodes 

différentes : la coprécipitation et la revalorisation de l'acier, puis comparées au système catalytique 

utilisant du FeCl3. Toutes deux ont été dopées avec des nanoparticules d'Ag en utilisant du NaBH4 

ou un extrait de thé vert comme agents réducteurs. Les catalyseurs ont été caractérisés par diffusion 

dynamique de la lumière (DLS), par XRD, par TEM et leur bande interdite a été mesurée en utilisant 

la spectroscopie de réflectance diffuse (DRS) et la méthode de Tauc. Les deux types de Fe3O4 ont 

montré une distribution de taille presque identique, mais une plus grande agglomération de 

nanoparticules a été observée sur le Fe3O4 obtenu par revalorisation. Le dopage à l'Ag a été 

confirmé par XRD et les bandes interdites de tous les catalyseurs dopés étaient plus petites que 

celles de leurs homologues non dopés.  
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Les catalyseurs ont été comparés à une oxydation Fenton traditionnelle du glycérol et la 

réaction a été suivie par RMN 1H. Des paramètres tels que le rapport de peroxyde 

d'hydrogène/glycérol, le dopage du catalyseur, le type de Fe3O4 et la masse du catalyseur ont été 

étudiés. Tous les catalyseurs à base de Fe3O4 ont montré une sélectivité en dihydroxyacétone plus 

élevée que le FeCl3, au détriment de la conversion. Une sélectivité en dihydroxyacétone atteignant 

94% a été mesurée avec l’utilisation de nanoparticules de Fe3O4 dopé à l'Ag en utilisant le NaBH4. 

Cependant, les conversions sont restées entre 6% et 19% pour les catalyseurs à base de Fe3O4. 

Dans le système photocatalytique, l'intensité de la lumière, le pH et la température ont été étudiés. 

Les travaux futurs se concentreront sur l'amélioration de la conversion dans le système de type 

Fenton-like, sur la transition vers l’utilisation de catalyseur à base de Fe3O4 revalorisé uniquement 

et sur la réalisation d'autres études dans le système photocatalytique. 
 

Mots clés 
Dioxyde de souffre, glycérol, Fe3O4, nanoparticules, adsorption, oxydation 
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Chapter 1. Introduction 

As the society evolves towards sustainable practices to face the global environmental crisis, 

major challenges must be addressed. Among those, sulfur dioxide emissions, which are significant 

source of acid rain and a threat to human health, is an example of an ongoing challenge. On the 

other hand, novel solutions could also be accompanied by new difficulties. As such, the increased 

production of biodiesel as an alternative fuel creates a significant waste stream, glycerol, which 

needs to be managed and valorised. These challenges should be addressed by proposing novel 

solutions, with one avenue is the development of sustainable materials. This thesis explores the 

synthesis of sustainable nanostructure iron oxide-based materials for application in the SO2 capture 

and the valorization of glycerol.  

 

1.1. Emergence of nanoparticles 

Nanomaterials are widely developed today and have been a highly active research field 

across all disciplines over the last few decades and still is today [1–3]. They have allowed us to 

have smaller and more powerful electronic devices [4], safer food packaging [1], enhanced drug 

delivery, more durable vehicles [6] and highly technical fabrics [7] to name a few.  

A material is classified as nanosized when at least one of its dimensions has a size ranging 

between 1 to 100 nm (or 10-9 meters) [8]. Due to their particularly small size, nanomaterials can 

behave very differently from their bulk counterpart [9] and their properties can be modified by 

altering their size [10]. This highly tuneable nature displays the vast potential of nanomaterials for 

diverse applications and explains the pronounced interest from researchers in their development. 

Nanoparticles may be classified according to their size, morphology, number of nano dimensions, 

properties or on their chemical composition [9]. Three types of nanoparticles will be briefly 

covered herein: carbon-based nanoparticles, metal nanoparticles and metal-oxide nanoparticles. 

 

1.1.1. Carbon-based nanoparticles 

Carbon-based nanomaterials have been known for several years now with Kroto et al. 

discovering the first C60 fullerene in 1985 [11,12]. This was closely followed by the discovery of 

carbon nanotubes (CNTs) in 1991 by lijima [13]. These material’s unique properties arise from 
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their three-dimensional structure. Carbon is unique as it can form different stable allotropes. This 

is possible because the carbon-carbon (C-C) bond can either be sp3 or sp2 hybridized, allowing for 

diverse combinations in the different allotropes [14]. By forming different combinations, structures 

such as the football shape of fullerene or the rod shape of carbon nanotubes may be achieved in 

materials containing exclusively carbon. Fullerenes are zero-dimensional, spherical nanostructures 

made of near sp2 hybridized carbon [15]. Contrary to other carbon allotropes, fullerenes are soluble 

in organic solvents and may be modified with hydrophilic functionalities to dissolve in polar 

solvents, thus increasing their useability [16] notably for medical application such as drug delivery 

[17] and contrast enhancing agents [18]. Graphene is a single 2D layer material made of benzene 

rings attached together to form a sheet. Stacked sheets of graphene form graphite, which is the 

most stable form of carbon under normal conditions [19]. Graphene has drawn considerable 

attention due to its impressive thermal, mechanical and electrical properties which are a result of 

the significant p-conjugation between the aromatic rings forming this material [20]. CNTs are 

tubular structures made of single or multiple layers of graphene to yield single walled carbon 

nanotubes (SWNTs) or multi walled carbon nanotubes (MWNTs) [21]. This tubular structure 

provides outstanding mechanical strength which is combined to large surface areas and aspect 

ratios as well as interesting thermal and electrical conductivity [22]. Hence, CNTs have been used 

as structural fillers for polymer composites [23] and for electronics application [24].  

 

1.1.2. Metal nanoparticles 

Metal nanoparticles are another very common class of nanomaterials. Most transition metals 

can exist in the form of nanoparticles, although the most common are Au, Ag, Pt, Cu, Pd, Re, Zn, 

Ru, Ni, Co, Cd, Al and Fe [25]. Other than having high surface to volume ratios, metal 

nanoparticles also have unique optical properties due to strong localized surface plasmon 

resonance (LSPR) [26]. This phenomenon happens when incident light interacts with a 

nanoparticle’s group of surface electrons, known as surface plasmon, and causes their oscillation 

to be in resonance with that of the incident light. This phenomenon can happen in the visible and 

the near infrared range which allows for its use in a broad range of applications. For example, the 

interaction between metal nanoparticles and specific molecules may produce a shift in the LSPR 

absorbance wavelength. This shift has been used to develop optical based sensors made of Ag and 
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Au nanoparticles [27]. LSPR is also used to enhance photocatalytic activity of wide band gap 

materials such as TiO2. By introducing Au, Ag or Pt nanoparticle on TiO2, Scarisoreanu et al. [28] 

successfully degraded methyl orange under both UV and visible light. TiO2 on its own showed 

minimal activity under visible light due to this material’s large bandgap. However, the LSPR of 

the different nanoparticles happened in the visible light range which provided photocatalytic 

activity to the modified TiO2 when it was illuminated with this type of light. 

 

1.1.3. Metal oxide nanoparticles 

Another important class of nanomaterials are metal oxide nanoparticles. A few common 

examples are CuO, ZnO, SnO2, Al2O3, MgO, NiO, AgO, Fe2O3, TiO2, CeO2, etc. Properties of each 

metal oxide nanoparticles differ depending on their chemical structure. A significant number are 

semiconductors, and this character has been utilized for their application as gas sensors. Indeed, 

reducing and oxidising gases interact differently with the oxygen adsorbed on the surface of the 

nanoparticles. This interaction slightly modifies the bandgap and thus affects the conductance in 

the sensing layer. This change in conductance can be related to the partial pressure of the monitored 

gas [29]. SnO2, ZnO, CuO, In2O3 among others have been used as gas sensing metal oxides to 

monitor CO, H2, H2S, NH3 and NO2 [30]. Metal oxide nanoparticles have also been used in the 

field of catalysis, for instance in oxidation reactions as they provide high selectivity with minimal 

need of toxic chemicals [31]. An example is the use of CuO nanoparticles to enhance the catalytic 

oxidation of CO to CO2 [32]. When supported on SiO2-AlOOH composite nanosheets, Yan et al. 

[33] attributed the catalytic activity to an unsaturated coordination in Cu2+ which allowed for CO 

to coordinate and be activated. An anionic vacancy on the Cu2+ was also filled by O2. The oxidation 

reaction could then take place between neighbouring CO and O2 to produce CO2. 

 

1.2. Nanoparticle synthesis 

Two different approaches are used to produce nanoparticles: a top-down and a bottom-up 

approach. The top-down approach generally relies on a mechanical pathway to break down bulk 

material into nanoparticles whereas the bottom-up approach relies on molecule assemblies to 

produce nanoparticles from a chemical reaction. From an energy point of view, the bottom-up 
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approach results in more energy losses, but allows for better tuneability of the generated 

nanoparticles [34]. 

 

1.2.1. Top-down approach 

Top-down nanoparticle production is achieved by mechanical breaking of the bulk material 

to produce smaller and smaller particles eventually achieving nanomaterials. The simplest and 

most common technique used is from mechanical or ball milling. It consists in breaking down the 

bulk material in a mill by using balls of a harder material (generally steel balls) to impact the bulk 

material and effectively break it down until a uniform particle size is achieved [35]. In the process, 

the balls transfer their kinetic energy to the powder through the impact, which can cause 

deformation or fragmentation of the powder [36]. This energy transfer also results in a temperature 

increase during the process. The size of the particles is a function of multiple variables such as the 

ball material and their size, the milling time, the speed and the type of mill to name a few [37]. 

This technique is also used to form alloys (mechanical alloying) as the repeated collisions between 

particles can result in welding of smaller particles to form larger pieces [38]. Both mechanical 

milling and alloying are now well-established techniques used to produce multiple advanced 

materials [39]. 

Sputtering is another frequent technique used in the top-down approach. It consists in 

bombarding a target surface with high energy gaseous ions to eject particles from the material. The 

ejected particles can be recovered on a substrate to grow a thin film [40]. The degree at which 

particles are ejected depends on the target material and its crystallinity, the energy of the ions and 

the incident beam angle [41]. This technique is typically used for thin film deposition or chemical 

etching [42]. Laser ablation [43] and thermal decomposition [44] are two other techniques used in 

the top-down approach. 

 

1.2.2. Bottom-up approach 

The bottom-up approach is far more common in the context of material development and 

research as it allows for better control on the properties of the yielded nanoparticles. Chemical 

reduction is the most common and simple approach to form nanoparticles amongst all techniques. 

It consists in dispersing a metal precursor in a solvent, either aqueous or organic, and adding a 
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suitable reducing agent and stabilizing agent like a surfactant. During the process, the initial metal 

ions are reduced to their zero valent form which are typically insoluble. This allows for the growth 

of nuclei to proceed from agglomeration of the particles [45]. The nuclei are unstable assemblies 

which tend to keep growing, hence surfactants are used to control the nucleation process and as a 

result the nanoparticle size [46]. The nanoparticle suspension produced from the process is 

generally stable and may be used for diverse applications depending on the nature of the particles. 

A similar wet chemistry approach is the chemical precipitation, or coprecipitation method. This 

technique proceeds by dissolving metal precursors in a solution, then by modifying the solution to 

make the metal insoluble, such as by modifying the pH. The now insoluble material then 

precipitates yielding nanoparticles [47]. Modification of the reaction conditions such as the 

temperature or pH and use of different stabilising agents can be used to tune the properties of the 

nanoparticles [48].  

The sol-gel technique is very common and a popular technique used at the laboratory and 

the industrial scale to produce metal-oxides as well as mixed metals oxide nanoparticles [49]. It 

consists in preparing a metal alkoxide precursor solution and hydrolysing it to form a colloidal 

suspension (sol). The sol then undergoes a condensation reaction to generate the gel which contains 

more solid particles then liquid in the form of a metal-oxygen-metal network [50]. The resulting 

gel can be used for different applications like membrane formation or to produce films. The 

complete drying of the solvent followed by heat treatment can yield solid ceramics and 

nanoparticles [51]. This technique is characterised by the production of high purity materials [52]. 

Another approach involving an increase in temperature is the hydrothermal method. In this 

process, a material of interest is dissolved in water and placed in a sealed autoclave. A temperature 

gradient is then established in the autoclave: in the higher temperature zone the material remains 

dissolved in water whereas in the lower temperature zone the solution becomes supersatured which 

forces the solute to precipitate and nucleate to form crystals [53]. The size of the nanoparticles 

produced from this method can be tuned by the initial concentration [54] and the nature of the 

solvent [54,55]. Their morphology is partially dictated by the temperature used in the process [56]. 

Hydrothermal synthesis can also be carried out by using supercritical water to enhance the kinetics 

and form smaller particles [57]. Continuous hydrothermal synthesis is also increasingly popular to 

increase the scalability of the process and produce more significant quantities of nanoparticles 

necessary for the current material applications [58]. 
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1.2.3. Plant extract synthesis 

The above techniques have their respective advantages and inconveniences for the 

nanoparticle formations. Some of which are substantial pressures, temperatures, the use of 

hazardous chemicals or long reaction times [59]. A novel approach which is growing in interest to 

overcome some of the shortcomings is the use of plant extracts to generate the nanoparticles, as 

this technique uses non-toxic and environmentally friendly materials [60]. The formation of the 

nanoparticles follows a similar mechanism as when using the chemical reduction method: ions are 

reduced to their zero-valence form, followed by nucleation of the particles and stabilisation to 

prevent further agglomeration [61]. In this case however, the phytochemicals present in plant 

extracts serve both as reducing agents and stabilizing agent thus allowing for better reagent 

economy and avoiding the use of hazardous chemicals [62]. Plant extracts contain a broad diversity 

of secondary metabolites such as flavonoids, alkaloids and terpenoids which have shown to be 

able to reduce metal ions [63,64]. The diversity of chemical structures makes it difficult to establish 

a precise mechanism, but it is generally agreed that polyphenols present in the extracts are the 

main source of reducing agents [65,66]. The phenolic groups act as electron donors in the 

bioreduction process to yield the zero-valent metal [67]. Subsequently, their resulting oxidised 

product (carbonyls), in conjunction with other functional groups present in the extracts such as 

amines and hydroxyls, serve as stabilizing agents preventing agglomeration [59–61][59–

61][68,69]. Polyphenols are easily extracted from the plants in polar solvents such as water [70] 

and the use of an extract is more convenient for diverse applications. The process of forming the 

nanoparticles is very simple and simply consists in combining a metal precursor solution with the 

plant extract. Nanoparticles are usually formed in a matter of a few minutes and the process can 

be carried out at room temperature [60]. Of course, modification of the initial concentration, the 

pH and the temperatures are all parameters which can be tuned to achieve desired properties or 

morphologies in the nanoparticles [71,72]. 

Various plants and different parts of the plants such as the leaves, the roots, the flowers or 

the fruits have been successfully used to generate nanoparticles [73,74]. There does not seem to 

be a specific set of criteria to select a specific plant although one should consider a plant which is 

easily accessible, inexpensive and has a high concentration of polyphenols to ensure better 

reactivity. Tea (Camellia sinensis) is the second most consumed drink after water, and its 

availability is substantial around the globe [75]. All varieties (black, oolong, green and white) show 



   7 

good antioxidant activity and have high total phenolic contents (TPC) [76]. Green tea has been 

reported to have the highest TPC amongst all [76–78] which can explain its important adoption 

for nanoparticle synthesis. Indeed, green tea extract has been vastly reported for the synthesis of 

Ag nanoparticles [79] which are often used for antimicrobial applications [80–82]. The as 

synthesized nanoparticles showed good activity against E. Coli [83] and Staphylococcus aureus 

[84]. ZnO nanoparticles [85,86] were also produced from green tea reduction and showed good 

antimicrobial activity. Highly stable and non-toxic gold nanoparticles were produced from green 

tea reduction and showed promising activity for diagnostic and therapeutic applications [87,88]. 

Fe nanoparticles were synthesized by this method and have been applied for environmental 

remediation such as wastewater treatment through malachite green dye degradation [89,90], nitrate 

removal [91] or Fenton like systems [92,93]. The nanoparticles were also used to remove metal 

contaminants like chromium (VI) [94] and arsenic (V) [95]. 

 

1.3. Sulfur dioxide capture  

Fossil fuels have been the primary source of energy for the last centuries. Even with the 

current trend to adopt cleaner energy sources, experts still predict that after reaching a consumption 

peak, fossil fuels will remain an inherent part of the energy [96]. Combustion of fossil fuels 

liberates greenhouse gases such as CO2 and pollutant gases like NOx and SO2 in the atmosphere 

[97]. Sulfur is naturally present in the biosphere and may be emitted from natural phenomena like 

volcanic eruption [98]. However, anthropogenic emissions accounted for 60% of the emissions in 

2018 [99]. This is because fossil fuels contain 1-2 wt% of sulfur which is released as SO2 from the 

combustion. In the atmosphere, SO2 is the primary precursor to the formation for acid rain which 

contains H2SO4 [100]. This contributes to lake acidification and can disturb fragile ecosystems 

[101]. Atmospheric SO2 may also be oxidised to form aerosol and particulate matter [102] which 

are associated with risks of cardiovascular and respiratory mortality [103].  

Strong policies have been enforced in multiple countries since 1970 to limit SO2 emissions. 

In Canada, the Clean Air Act was adopted in 1971 and targeted SO2 among other air pollutants. 

Between 1970 and 2011, SO2 levels decreased by 96%, mainly due to the use of low sulfur fuels 

and programs limiting emissions [104]. A similar decrease of 95% was measured in the USA from 

1980 to 2023 [105]. Developing countries are however still facing important SO2 emission 
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challenges. China and India are currently the two countries with the highest SO2 emissions as they 

are responsible for nearly 25% of the total global emissions [99]. Nevertheless, emissions in China 

have significantly decreased since 2013 mostly due to the implementation of high efficiency 

removal technology in power plants. On the other hand, emissions in India are on an upward 

trajectory [106] as this country relies heavily on coal to fulfil its energy demands. There seems to 

be a stabilisation in the emissions over recent year from implementation of environmental laws 

and deployment of SO2 emission control technologies [107]. The most established process used 

for SO2 removal from gaseous streams post combustion is flue gas desulfurization (FGD). Some 

other processes such as precombustion hydrodesulfurization and post combustion capture by 

adsorption or by biological methods are also used to a lesser extent [108]. 

 

1.3.1. Flue gas desulfurization 

Flue gas desulfurizers can be divided into two main categories: the wet and the dry 

technology with both having various subcategories. The processes are classified as regenerable or 

non-regenerable based on whether the sulfur recovered in the process can be separated from the 

recycled absorbent or is being discarded with the absorbent [109]. The vast majority of industrial 

FGD rely on the wet process, and more specifically the wet limestone process as it is a cost-

effective technique offering high performance [110]. 

In the wet flue gas desulfurization process, the SO2 containing flue gas is brought into contact 

with a slurry containing either lime or limestone, with the latter being the more popular option due 

to lower costs [111]. When SO2 gas dissolves in water, it forms sulphurous acid (H2SO3) from 

hydrolysis with water. This acid reacts nearly instantaneously with the bicarbonate base (HCO3-) 

coming from the limestone to produce calcium sulfite (CaSO3). Most wet limestone FGD operate 

under forced oxidation (limestone forced oxidation, LSFO) by having air blowing in the reaction 

tank to fully oxidise the product to CaSO4 or calcium sulfate (gypsum) [112]. The LSFO approach 

is preferred, as it prevents scaling in the reactor and allows for easy recovery of the saleable 

gypsum [113]. This technique can achieve 95% of removal efficiency, and the use of additives 

such as magnesium oxide can further increase this value [114]. Counter-current vertical spray 

towers are the conventional configuration in FGD as they maximise the mass transfer limited 

absorption, they are simple, resistant to corrosion, can handle large volumes and are inexpensive 

[115]. Lime is sometimes used instead of limestone because the latter has limited solubility in the 
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scrubber system compared to lime. To overcome this issue, limestone is finely ground prior to 

being used [116]. However, lime remains an alternative due to its higher reactivity, but this material 

is more expensive which limits its application [111]. Magnesium-enhanced lime is another 

absorbent used to achieve higher SO2 removal using less absorbent due to its increased alkalinity 

which enhances the removal efficiency [108]. 

The other main process is the dry FGD, for which lime spray drying (LSD) is the most 

common technique used and is generally applied when low to medium sulfur coal is burned [111]. 

It essentially relies on the same chemical reactions as the wet limestone process meaning that lime 

or hydrated lime (Ca(OH)2) reacts with sulfur dioxide to form calcium sulfite and calcium sulfate 

[117]. However, in this process the alkaline slurry is atomised and sprayed into the absorption 

tower. In the tower, the SO2 is absorbed by the droplets and reacts with the base to form the above-

mentioned products [118]. As the chemical reaction takes place, the heat from the flue gas causes 

an evaporation of the water from the droplets which leads to the recovery of solid desulfurization 

products and unreacted lime. They are recovered in electrostatic precipitators or bag filters [110]. 

This process is also referred to as a semi-dry process because the reaction takes place in the 

aqueous phase [117]. 

Although these technologies are well-established and widely used, they still have some 

drawbacks. The main disadvantage comes in the forms of the waste generated by both techniques. 

The wet limestone forced oxidation process could lead to the production of gypsum which can be 

commercialised, but to do so the material needs to meet specific quality criteria which require 

further processing. This is performed in certain plants but is not generalised and a large proportion 

of the flue gas desulfurization gypsum is disposed of in landfills [119]. The wet process also 

produces significant volumes of wastewater containing chlorides, arsenic, selenium, lead, mercury 

and other metals. Suitable treatment facilities must be implemented to prevent the release of these 

metals in the environment [120]. In the case of lime spray drying, the major product from the 

process is calcium sulfite. Only 25% or less of the generate products will oxidise to the saleable 

sulfate (gypsum) [117]. Therefore, the powder recovered is generally disposed of as a waste stream 

[110]. Finally, current commercial techniques are effective for removal of higher concentrations 

of SO2 (up to 3.5%) [121], but struggle with the removal of trace concentrations of SO2 [122]. This 

can be problematic in the context when further purification from other toxic gases (i.e. NOx, CO) 

is required to meet more stringent regulations or specific applications. In fact, even low 
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concentrations of SO2 are known to deactivate the catalysts used for these applications [123–125]. 

SO2 can also poison catalysts used in applications aiming to capture or revalorise the CO2 emitted 

from the combustion [126,127]. 

 

1.3.2. Adsorption 

Adsorption has been proposed as an alternative or a complementary technique which could 

be used for dry regenerative flue gas desulfurization [128]. This approach is simple and can allow 

for removal of SO2 through physical or chemical interactions with the porous sorbent [129]. The 

captured gas can then be desorbed to be recovered in a concentrated form and to regenerate the 

adsorbent, thus significantly decreasing the waste associated with the process. This technique can 

be applied at lower temperatures and also proves to be more effective at lower inlet concentrations 

of SO2 which is favorable for applications were even trace amounts of SO2 are detrimental [130]. 

The ideal adsorbents should offer high adsorption capacity, fast adsorption kinetics, good stability 

in the operating conditions, be regenerable and should come from renewable sources [129]. 

Adsorption processes for flue gas desulfurization is still low and not widely adopted in the 

industrial scale [108]. Research works to improve the adsorbent properties are carried out 

extensively and mostly focuses on activated carbon [131,132] and carbonaceous materials 

[133,134]. Some other materials which are currently investigated are metal organic frameworks 

(MOFs) [135], zeolites [136,137] and metal oxides [138,139]. 

 
1.3.2.1. Activated carbon 

Activated carbon (AC) are very common for purification and adsorption purposes. This is 

due to their high degree of porosity resulting in significant surface area, good stability, low cost 

and their versatility towards adsorption of various impurities [140]. They are amorphous materials 

which are produced from the combustion, partial combustion or thermal decomposition of 

carbonaceous materials [140].  

When applying AC for SO2 adsorption, only physical adsorption would be observed in the 

case where the process would take place in an inert atmosphere. However, this is not the case when 

dealing with flue gas as air contains oxygen. The presence of oxygen results in a chemisorption 

reaction in which SO2 is oxidised to SO3 on the surface of the AC [140,141]. Both these compounds 

can be removed from the surface to regenerate the adsorbent. The presence of basic functional 
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groups combined with small size pores of the AC was shown to enhance the adsorption capacity 

by Bagreev et al [142]. Indeed, the basic amine containing functional groups strengthen the 

physical adsorption of SO2 while the smaller pores allow for a rapid reaction between co-adsorbed 

water and SO2 molecules which form sulfuric acid. The sulfuric acid adsorption is much stronger 

than SO2 and SO3. Heat treatment prior to adsorption has shown to increase adsorption capacities 

as this desorbs oxygen containing functional groups which are acidic [143]. Other researchers also 

observed that the adsorption capacity of AC depended on the incoming SO2 concentration and 

decreased with higher temperature [144,145].  

To increase the selectivity and improve the adsorption capacity of activated carbons, various 

types of surface modifications have been proposed [128,146]. Generally, the increase in adsorption 

capacity is a result of an enhanced chemisorption of SO2. By loading metals in the material, its 

performance can be enhanced as they can catalyse the oxidation reactions forming SO3 and H2SO4. 

Indeed, Wang et al. [147] added cobalt, nickel, manganese, magnesium and copper on activated 

carbon fiber (ACF) and compared their adsorption capacities with unmodified ACF. For all 

modified samples there was an increase in surface area, pore volume and micropore volume. The 

cobalt modified ACF showed the highest activity due to a significant increase in the number of 

catalytic sites. Supporting iron on AC also showed to favors adsorption in a study conducted by 

Xiao-Li et al.[148] Indeed, catalytically active Fe3O4 species were observed on the surface for the 

modified AC and promoted the desulfurization by catalysing the formation of H2SO4. The 

adsorption capacity more than tripled when iron was loaded on AC and could be further increased 

by applying a nitric acid (HNO3) treatment. Fe2(SO4)3 was detected on the adsorbent after its 

utilisation, showing that the iron could react with the generated sulfuric acid and this pathway 

contributed to deactivation of the adsorbent.  

 
1.3.2.2. Cellulose 

With the necessary trend for the development of sustainable materials, cellulose is gaining 

researcher’s interest. It is the most common biopolymer in nature and its main raw material source 

is from wood pulp [149]. This biopolymer has a unique chemical structure consisting of repeating 

glucose units joined by covalent bond through an acetal functional group between the C1 and C4 

of repeating glucopyranose units (b-1,4-glucan) [150]. Cellulose lies between classical polymers 

and carbohydrate as its properties are dictated by strong intermolecular interactions, chain-length 
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distribution and surface functional groups while being much stiffer than traditional polymers and 

sensible to hydrolysis and oxidation [151], giving particularly interesting properties. Hydroxyl 

functional groups are present on the surface of cellulose allowing for strong hydrogen bonding 

between chains which forms stiff fibrils. Within the fibrils, some regions of the polymer are 

amorphous while highly crystalline domains are also present and often desired in cellulose 

applications [152]. The high crystallinity produced by the hydrogen bonding network is 

responsible for the poor solubility of this material in water and other solvents albeit its highly polar 

nature [153]. The raw cellulosic material can be broken into shorter chains by acid treatment to 

yield microcrystalline cellulose as well as cellulose nanomaterials which have good mechanical 

properties, high surface area and low densities [152]. Chemical reactions with the hydroxyls to 

introduce carboxylic acids, esters, ethers or sulfate functional groups are also very common to 

extend the uses of cellulose [154,155]. 

There are limited reports of SO2 adsorption by cellulose in the literature, although this 

material is a good candidate for this application. Yang et al. [156] performed an oxidation of 

hydroxyls on cellulose sourced from rice straw by using KMnO4, followed by amine treatment. 

This increased the surface roughness, the presence of aldehyde and amine functional groups which 

all contributed to enhanced adsorption capacity. Using a simpler modification process, more 

recently our group compared the effect of the modifying functional group on the adsorption process 

by nanocrystalline cellulose (NCC). Carboxylic acid and amine modified NCC were compared, 

and the latter functional group contributed more significantly to the adsorption process [157]. 

Indeed, the adsorption capacity increased by 6 times when NCC was modified with 

ethylenediamine (EDA) compared to the pristine material [158]. 

Cellulose has been studied for other gaseous adsorption with  most studies focusing on CO2 

adsorption [159]. On their own, cellulosic materials have shown moderate adsorption towards CO2, 

but the adsorption capacity increased with surface modification. Amine functionalization is 

common for this application. Valdebenito et al. [160] observed that grafting diaminosilane N-[3-

(trimethoxysilyl)propyl] ethylenediamine (DAMO) on cellulose nanofibers (CNF) increased the 

adsorption capacity of CO2 due to enhanced chemisorption. CO2 uptake also increased when CNF 

were modified with phtalimide, with dependence on the phtalimide amount, related to an increase 

in the number of amino and carbonyl groups on the surface. The hydroxyls can also be used to 

deposit metal particles on cellulose to enhance adsorption. Indeed, Campbell et al. [161] deposited 
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Fe3O4 and TiO2 particles on cellulose which both increased the adsorption capacity from an acid-

base mechanism with CO2.  

Various forms of cellulose are also studied as adsorbents for wastewater treatment. They 

have successfully been applied in the removal of metals, dyes, and both organic and inorganic ions 

among other materials [162]. Modification of the raw cellulose is performed to target specific 

contaminants and increase the adsorption capacity. For example, Fakhre & Ibrahim [163] grafted 

dibenzo-18-crown-6 onto cellulose for the removal of Cd2+, Zn2+, Ni2+, Pb2+ and Cu2+ ions. They 

observed that the resulting composite material retained the mechanical properties of cellulose 

while being able to remove upwards of 90% of the incoming steam containing metals in the 

following preferential order: Cd2+ > Pb2+ > Cu2+ > Zn2+ > Ni2+. D’Halluin et al. [164] used a 

similar approach and grafted ethylenediaminetetraacetic acid on cellulose due to its highly 

chelating nature. They obtained similar removal efficiencies as in the previous studies, but in this 

case Ag1+, Ni2+, Zn2+, Cd2+, Pb2+, Sn2+, and Cu2+ were adsorbed. A simple modification with maleic 

anhydride allowed Zhou et al. [165] to efficiently remove Hg2+ from an aqueous solution as well 

as the removal of three organic dyes: basic fuchsine, methylene blue and crystal violet. They 

attribute the enhancement in adsorption capacity following the modification with maleic anhydride 

to the more abundant -OH and -COOH functional groups which can trap ions and dyes from 

electrostatic interactions. They noted that the pH of the solution in which the adsorption takes place 

had a significant impact on the process where higher pH favored the adsorption process. 

 

1.3.2.3. Iron oxide particle for SO2 capture 

Among nanoparticles, iron oxides have received growing attention recently due to their 

highly abundant and sustainable nature, their affordability, their non-toxicity and their ease of 

preparation [166]. Their use has been well documented in the biomedical field. This is mainly due 

to the strong magnetic nature of magnetite (Fe3O4) and maghemite (Fe2O3) which makes them 

good contrast agents, drug delivery carriers and antimicrobial agent while being biocompatible 

[167]. Magnetite is composed of a mixture of Fe2+ and Fe3+ ions and is the transition metal oxide 

with the strongest magnetism. This results from its inverse spinel structure in which Fe2+ ions are 

located only in the octahedral sites while the Fe3+ ions occupied both the remaining octahedral 

sites and tetrahedral sites. This crystal arrangement leads to ferrimagnetic properties in the material 

[168]. The use of magnetite nanoparticles is expanding to various fields as iron is the second most 
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abundant metal on earth, making magnetite an affordable material that is non-toxic which are 

advantages compared to other noble metals [169]. Magnetite is used in the field of catalysis with 

notable examples being its industrial use as a catalyst in the Haber-Bosch process [170], in the 

Fischer-Tropsch synthesis [171] and in the water gas shift reaction [172]. 

Iron oxides have been investigated to a limited extent in the context of SO2 adsorption. Pham 

et al. [173] produced Fe3O4 from a coprecipitation method and tested their material for adsorption 

of SO2 and NO2. They measured adsorptions of 40.5 mg/g Fe3O4 and 108.5 40.5 mg/g Fe3O4 for 

SO2 and NO2 respectively and associate this to the high porosity of the material. Ye & Ariya [174] 

reported that the SO2 uptake on Fe3O4 particles was correlated to the number of hydroxyl groups 

present on the particles. These exposed O atoms could interact with the physisorbed SO2 found on 

the Fe atoms to yield more strongly bonded chemisorbed SO2. Indeed, it was observed that when 

oxygen is present in the SO2 gaseous stream, iron oxides can oxidise SO2 to SO32- and SO42- 

[175,176] By dispersing Fe3O4 nanoparticles on cellulose which contains an abundance of 

hydroxyl groups the adsorption mechanism could be enhanced from the nearby presence of O 

atoms. 

 

1.4. Glycerol valorization 

The production of glycerol has been steadily increasing over recent years as it is a byproduct 

in the biodiesel production and the demand for this alternative fuel is growing [177]. Unfortunately, 

the glycerol market is saturated from this overproduction leading to a drop in its price [178]. As 

such, this valuable platform chemical is often used as simple combustion material due to a lack of 

innovative techniques to transform this compound into valuable chemicals [179]. A potential 

solution would be to oxidise this compound to valuable chemicals like dihydroxyacetone or 

glyceraldehyde. To do so, an affordable and environmentally friendly technique which has been 

studied is to oxidise the glycerol using a Fenton reaction [180]. The Fenton reaction consists in 

combining a source of Fe2+ with hydrogen peroxide and the target compound in water. The iron 

provides an excess electron to the peroxide, forming a hydroxy anion and a hydroxyl radical which 

is responsible for the oxidation. When Laurie & Waterhouse [180] performed this reaction, they 

observed that both dihydroxyacetone and glyceraldehyde were being formed which are both 

desired compound from this oxidation.  
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1.4.1.1. Iron oxide nanoparticles for glycerol valorization 

Iron oxide nanoparticles have also received increasing interest for heterogeneous Fenton-

like reactions mostly applied for wastewater treatment as it has good redox properties, and its 

magnetic nature allows for easy recovery after the reaction [181]. Usman et al. [182] tested 

magnetite in a Fenton-like system at circumneutral pH for the degradation of polyaromatic 

hydrocarbons (PAH) found in soils. In a traditional Fenton system, the pH needs to be around 3 to 

prevent the production of ferric hydroxide sludge. However, they observed significant degradation 

of PAH when using magnetite at circumneutral pH whereas minimal reactivity was measured in 

the traditional Fenton system. This showed another advantage with magnetite as it did not require 

such an acidic environment and the associated chemicals.  

Research is also conducted to explore magnetite as a photocatalyst for oxidation reactions. 

This could expand the material’s applicability and further improve the green nature of the processes 

[183]. A photo-Fenton system was designed by Minella et al. [184] to oxidise phenol using 

magnetite irradiated by UVA radiation in the presence of hydrogen peroxide (H2O2). The magnetite 

catalysed reactions showed similar degradation performances at classical Fe2+ salts but were also 

active at circumneutral pH. No reactivity was observed in the absence of irradiation. By modifying 

the structure of magnetite such as with the doping of other photoactive metals, the photocatalytic 

activity of the material can be enhanced, and the absorption range can be tuned towards visible 

light. This is from the presence of new energy levels near the conduction band which come from 

the doped metal [185]. Silver is often selected to dope photocatalysts due to its surface plasmon 

resonance (SPR) which promotes the absorption of light around 400nm and its intrinsic 

photocatalytic reactivity [186]. Magnetite-silver nanocomposites were indeed synthesized by 

coprecipitation by Nono et al. [187]. They applied the nanoparticles in a photo-Fenton system to 

degrade rhodamine B and observed that the activity of the synthesized photocatalysts increased 

with increasing silver content. This type of photocatalyst is a promising choice for the application 

of glycerol oxidation to valuable chemicals. 

 

1.5. Research objectives 

Based on the versatile properties of iron oxide nanoparticles, magnetite has been selected as 

a material of choice to study further in this thesis, to address two different challenges: trace sulfur 
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dioxide capture and photocatalytic oxidation of glycerol into value added chemicals. These two 

challenges are related by the selected material to be designed. Therefore, individual objectives 

were assigned to each application. However, a general aim to keep both processes as 

environmentally responsible as possible was applied. 

 

1.5.1. SO2 capture 

Wet scrubbers are the workhorses in the field of desulfurization. However, there remains a 

need to remove trace concentrations of SO2 left after this process for high purity applications or to 

valorise the gaseous waste stream. It’s been shown by previous group members that chemical 

modification to cellulose can enhance the affinity of this material for SO2 capture [157,158]. 

Building on this work, we would like to determine if we can improve this affinity by developing a 

green synthesis to deposit magnetite nanoparticles on the surface of cellulose and yield a 

sustainable, highly active adsorbent. This question is complex and different objectives covered in 

this thesis will help answer it: 

• Efficiently prepare magnetite nanoparticles using a plant-based approach 

• Investigate if cellulose is a suitable support for magnetite nanoparticles 

• Determine if magnetite nanoparticles show adsorption affinity towards SO2 

• Asses which synthesis conditions should be changed to increase the adsorption 

capacity 

 

1.5.2. Glycerol valorization 

Glycerol overproduction from biodiesel is becoming a crucial problem as it significantly 

hinders the biodiesel production and causes important amounts of this chemical being used as 

combustion fuel. Photocatalytic upgrading of this compound using a cost effective and sustainable 

process is desired to maintain the biodiesel growth. Magnetite is a catalyst which satisfies these 

conditions but has not been reported for this specific application. Our collaborators from 

Tecnológico de Monterrey produced magnetite from revalorised steel and applied it in a Fenton-

like system for degradation of black liquor [188]. Building on their work, in the second part of this 

thesis we would like to determine whether magnetite or modified magnetite is as suitable 
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photocatalyst for partial oxidation of glycerol to dihydroxyacetone. Related objectives are covered 

in this thesis to determine if this photocatalytical process is suitable: 

• Determine if magnetite can be doped by metal nanoparticles using a plant-based 

approach 

• Evaluate the intrinsic activity of magnetite for the oxidation of glycerol in a Fenton-

like system 

• Expand the applicability of magnetite to perform this reaction without hydrogen 

peroxide 

 

1.6. Content of the thesis 

This thesis is separated in four chapters. Chapter 1 provided necessary background 

information through a brief literature review to better understand the scope of the research. Chapter 

2 will cover the application of a cellulose-based adsorbent modified with magnetite nanoparticles 

in the adsorption process of trace concentrations of SO2. This chapter summarizes the synthesis 

parameters and evaluates their effect on the adsorption capacities of the different adsorbents. 

Chapter 3 describes a sustainable method to obtain magnetite nanoparticles and their application 

in the oxidation of glycerol. Different reaction conditions are varied to increase the glycerol 

conversion and selectively for dihydroxyacetone over other oxidation products. Chapter 4 

summarizes the key findings from this thesis and discusses future work to be carried out for both 

applications. 
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Chapter 2. A sustainable approach to trace sulfur dioxide capture: 

adsorption on cellulose modified with iron oxide nanoparticles 

 

 

Abstract 
Cellulose is an increasingly popular biopolymer used in research due to its abundance, 

sustainable nature and non-toxicity. Adsorbents made from cellulose and its derivatives have been 

mostly focusing on capturing CO2 and limited research has been conducted on SO2 capture. In this 

work, we modified nanocrystalline and microcrystalline cellulose with iron oxide nanoparticles 

synthesized using green tea extract. The nanoparticle deposition was confirmed by Fourier 

Transform Infrared Spectroscopy (FTIR), scanning electron microscopy (SEM), scanning 

transmission electron microscopy (STEM), energy dispersive X-ray spectroscopy (EDS) and X-

ray diffraction (XRD). Thermogravimetric analysis (TGA) was used to quantify the concentration 

of deposited iron. The impact of the type of cellulose used as the support, the deposition time, the 

iron concentration in the adsorbents and the volume of reducing agent used for the deposition were 

investigated by breakthrough experiments. The presence of 1.24 wt% of iron on microcrystalline 

cellulose increased its adsorption capacity from 3.8´10-4 mgSO2/gadsorbent to 0.22 mgSO2/gadsorbent. The 

chemical speciation of the iron and the iron content in the adsorbent had significant impacts on the 

capture capacity. These findings show that iron oxide nanoparticles supported on microcrystalline 

cellulose are a promising adsorbent for SO2 capture while being sustainable and benign. 

 

 

Keywords 
Sulfur dioxide, adsorption, cellulose, iron oxide, green tea, sustainable 
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2.1. Introduction 

Sulfur dioxide (SO2) is a pollutant gas which is released in the atmosphere predominantly 

from fossil fuel combustion, although natural emissions are also observed. SO2 forms sulfuric acid 

(H2SO4) when in contact with water in the atmosphere, resulting in acid rain. SO2 pollution may 

also lead to respiratory diseases, cardiovascular diseases and an increased risk of type-2 diabetes 

[1]. Its emissions were targeted along with five other pollutants beginning from 1970 through the 

EPA’s Clean Air Act [2]. Since then, emissions have decreased in North America but remain a 

problem in developing countries [3]. 

Various technologies are available to remove SO2 from flue gas, and it can be achieved either 

through wet or dry processes [4].Wet flue gas desulfurization (FGD) processes are the most 

commonly used and can achieve over 99% SO2 removal [5]. However, they are energy intensive 

and generate significant amounts of wastewater [6]. They are also inefficient when dealing with 

low or trace concentrations of SO2 [7]. Indeed, some SO2 is always leftover in the gaseous stream 

exiting the FGD process. This can be problematic for further processes intending to revalorise or 

further purify flue gas (i.e. CO2) because even low concentrations of SO2 in the gaseous stream 

can deactivate or poison catalysts.  

Alternative approaches have been proposed to capture SO2 from gaseous streams, especially 

for low concentration streams. Interesting techniques involving ionic liquids [8–10] and deep 

eutectic solvents [11,12] have been successful for this application. However, these materials 

require complex synthesis or molecules which renders their application on larger scale unrealistic 

and uneconomical. Adsorption is another approach used to capture the low concentrations of SO2. 

The efficiency of adsorbents generally relies on their high surface area which maximises the 

number of pores available to interact with the targeted molecule. As such, activated carbons [13–

15], zeolites [16,17], porous organic polymers [18], and metal organic frameworks (MOFs) 

[19,20], which are all materials with high surface areas, have been investigated for the application 

of SO2 removal at high and low concentrations. Modification of these adsorbents can be further 

achieved to enhance their activity by targeting specific characteristics of the SO2 molecule, for 

example its dipole moment [21,22] or its acidic nature [23]. 

Cellulose, an increasingly popular carbon-based material investigated for diverse 

applications ranging from biomedical applications [24] to polymer engineering [25] and metal 

nanoparticle support [26], has not been extensively reported for SO2 capture. It has however been 
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mainly studied for the adsorption of another acidic gas: CO2. Although cellulose on its own shows 

limited adsorption, when it is modified the adsorption mechanism can be enhanced. For example, 

Zhao et al. [27] deposited Ca2+ ions on the surface of cellulose which increased the adsorption 

capacity due to the formation of CaCO3. Campbell et al. [28] increased the adsorption by favoring 

an acid-base mechanism between CO2 and nanoparticles of Fe3O4 or TiO2 deposited on cellulose. 

Our group has previously explored the chemical modification of nanocrystalline cellulose (NCC) 

with amine and carboxylic acid for this application [29,30]. 

Being an affordable, benign, abundant and sustainable material, its research potential is 

obvious. It is composed of repeating D-glucopyranose units linked by b-1,4-glycosidic bonds [31]. 

Bulk cellulose can be easily processed into a micro or nanoscale material via chemical or 

mechanical methods thus increasing its end application potential. Reactive hydroxyl (-OH) 

functional groups cover the surface of the natural polymer, allowing for easy chemical 

modification by routine chemistry such as esterification or oxidation reactions [32]. Cellulose is 

also a good support for metallic nanoparticles due to its porous fibrous nature which contributes 

to preventing agglomeration of nanoparticles [33]. Prior chemical modification to introduce polar 

functional groups or direct use of inherent hydroxyls covering the surface of cellulose can also 

contribute to nanoparticle stability [34]. Three methods are commonly used to disperse 

nanoparticles on cellulose: reduction from an external reducing agent, reduction from cellulose 

modified with reducing functional groups and reduction from the inherent hydroxyl on cellulose 

[35]. 

Besides, iron oxide nanoparticles are receiving growing attention due to their abundance, 

their non-toxicity, their low cost and their versatility [36]. They have been studied for SO2 capture 

as they are able to catalytically oxidise SO2 to the corresponding sulfite or sulfate species which 

are more strongly adsorbed [37,38]. The iron oxide nanoparticles are also characterised by high 

specific areas and porosities which contribute synergistically to improve the adsorption process 

[39,40]. Their combination with an adsorbent could enhance its affinity for SO2 [41,42]. When 

Arcibar-Orozco et al. [43] supported iron nanoparticles on activated carbon, they observed an 

increase of 25% in the amount of SO2 adsorbed compared to unmodified activated carbon.  

Metallic nanoparticles are now commonly used in the development of novel materials 

allowing achieving various functions. In the process of developing novel materials, metallic 

nanoparticles are typically formed from a bottom-up approach. Iron oxide nanoparticles can be 
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easily synthesized using various techniques. A very common approach is the coprecipitation 

method which consists in mixing iron precursor salts in a solvent and increasing the pH to 

precipitate the iron out of the solution and yield nanoparticles [44]. A stabilising agent is added to 

control the nucleation and produce nanoparticles of the desired size [45]. Another approach is the 

liquid phase chemical reduction. This technique consists in dissolving an iron salt in an appropriate 

solvent and using a reducing agent such as sodium borohydride or hydrazine to form metallic ions. 

A capping agent is added to control the nucleation and prevent agglomeration of nanoparticles 

[46]. Typical capping agents are sodium citrate or surfactants such as Cetyltrimethylammonium 

bromide (CTAB) [47]. Although efficient and convenient, this method has the drawbacks of 

requiring expensive, hazardous chemicals and relying on trained personnel to ensure the reaction 

conditions are adequate [48]. A similar approach gaining in popularity is the use of “green” 

reducing agents to synthesize nanoparticle, one of which is plant extracts. It is well documented 

that plant extracts contain phytochemicals such as sugars, proteins and polyphenols which act as 

reducing agents to form the metallic ions [49]. Furthermore, these molecules can also stabilise the 

nanoparticles, thus preventing their agglomeration and removing the need to use another reagent 

to prevent this phenomenon. This approach has the advantages of being sustainable, non-toxic, 

rapid, easy to handle and cost-effective [50].  

In this study, we aim to develop a novel, green adsorbent for trace concentration SO2 capture. 

The adsorbent is a combination of two materials which have shown activity towards SO2: cellulose 

and biosynthesized iron oxide nanoparticles. By modifying cellulose with these nanoparticles, a 

novel adsorbent is produced trough an environmentally friendly synthesis. Two types of cellulose, 

nanocrystalline cellulose (NCC) and microcrystalline cellulose (MCC), are compared as adsorbent 

supports. The iron nanoparticle concentration, deposition time as well as the amount of plant-based 

reducing agent are investigated to improve the adsorption capacity. 

 

2.2. Experimental 

2.2.1. Materials 

Nanocrystalline cellulose was obtained from CelluForce Inc. (Windsor, Quebec). 

Microcrystalline cellulose, Fe(NO3)3 (98%) and coarse quartz wool (9-30 µm) were purchased 

from Fisher Scientific. Na2CO3 (³99.5%) was purchased from VWR chemicals. Folin-Ciocalteu 
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reagent was purchased from Sigma-Aldrich. Reagents were used without further purification. 

Deionized water was used for the plant extractions and for the adsorbent synthesis. Green tea, 

peppermint tea, lime and lemon were purchased from a local supermarket. Gas cylinders 

containing pure Argon (99.99 %) and a mixture of SO2 in Ar (provided at 25 ppm SO2 in Ar) were 

received from Messer. 

 

2.2.2. Plant extract preparation 

In a 250 mL Erlenmeyer connected to a condenser, 100 mL of deionized water was brought 

to boiling point. Once the water was boiling, 1 to 4 g of the desired plant were quickly added, 

depending on the desired extract concentration. The mixture was allowed to boil for 5 minutes. 

After 5 minutes, it was removed from heat and left on the bench to cool for 10 minutes. The 

solution was then filtered by vacuum filtration to recover the plant extract. The extract was kept at 

4°C for up to 10 days. In the case of green tea and peppermint tea, the dried leaves were removed 

from the bag in which they were contained, without further treatment. In the case of lime and 

lemon, the skin was peeled, dried overnight in an oven at 40°C and ground prior to being extracted. 

 

2.2.3. Total phenolic content assessment 

The total phenolic content (TPC) measurement was performed based on a reported method 

[51]. Briefly, 15 mL of water, 1 mL of Folin-Ciocalteu phenol reagent, and 1 mL of either a solution 

of know concentration of gallic acid (to prepare a calibration curve) or 1 mL of the plant extract 

were added to test tubes. They were agitated and allowed to sit for 6 minutes. 3 mL of a 20 wt% 

solution of sodium carbonate was added, and the tubes were agitated again and let for 120 minutes 

in the dark. Their absorbance was then measured at 765nm using a UV-Vis spectrophotometer 

(Zuzi 4201/20). The TPC of the plant extract solutions was determined by performing a linear 

regression from a gallic acid calibration curve and was reported as gallic acid equivalents (GAE). 

The dry GAE concentration of the plants was calculated using the following equation: 

 

𝐶!"#,% = 𝐶!"#,# ×
1

𝐶#&'()*'
	 (2.1) 
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Where 𝐶!"#,% is the dry GAE concentration of the plants, 𝐶!"#,# is the GAE concentration 

in the extract which is determined from the calibration curve (mg GAE/L) and 𝐶#&'()*' is the plant 

extract concentration (2 g of green tea/100 mL of water). 

For calculations of the stoichiometric equivalents, it was considered that each GAE would 

be equivalent to three hydrides as each gallic acid molecule contains three reactive phenolic 

hydroxyls. Equivalents were calculated to yield a fully reduced iron species (zero valent) from the 

iron (III) precursors salt solution. The following equation was used: 

 

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑠!+ =

𝐶!"#,#
𝑀!"

×
3	𝑚𝑜𝑙,-.(/.0

𝑚𝑜𝑙!"
× 𝑉!+

𝑚10(34!)!∙78"4
𝑀10(34!)!∙78"4

×
3	𝑚𝑜𝑙,-.(/.0

𝑚𝑜𝑙10

	 (2.2) 

 

Where 𝑀!" is the molar mass of gallic acid, 𝑉!+ is the volume of green tea used for the 

reduction, 𝑚10(34!)!∙78"4 is the mass of iron nitrate nonahydrate used for the deposition and 

𝑀10(34!)!∙78"4 is the molar mass of iron nitrate nonahydrate 

 

2.2.4. Adsorbent synthesis 

100 mL of deionized water was added to an Erlenmeyer flask. The desired amount of 

Fe(NO3)3 was then added based on the desired deposition. One gram of cellulose was added to the 

solution and the suspension was stirred with a sufficient speed to maintain the cellulose in 

suspension. The desired volume of plant extract was added dropwise to the suspension. An 

immediate colour change from orange to black was observed. The vessel was then capped with 

parafilm, and the suspension was allowed to stir for the desired time (24 to 168 hours). Once the 

deposition time was reached, the stirring was stopped, and the suspension was centrifuged for 10 

minutes at 4000 rpm. The aqueous supernatant was discarded, and the recovered solid was washed 

twice with ethanol (with repeated centrifugation). It was then dried overnight at 40°C. 
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2.2.5. SO2 capture experiments 

100 mg of adsorbent was loaded in a quartz tube (4 mm ID, 6.5 mm OD, mm length) to form 

a packed bed of around 2 cm in length. The adsorbent was sandwiched in quartz wool to prevent 

it from moving during the adsorption experiment. This packed bed reactor was connected to the 

capture setup which allows for either argon to flow (to purge the system) or 25 ppm SO2 in argon 

(for the adsorption experiment). Mass flow controllers (Aalborg DPC) were used to control the 

inlet gas flow rate using a modified version of the LabView program provided by Aalborg. A 

volumetric flow meter (Agilent CrossLab CS) was connected at the outlet to measure the exiting 

flow rate. The SO2 concentration in the outlet stream was measured every second using a Draeger 

X-am 2500 detector. Prior to performing the capture experiment, the system was purged using 

argon (15 mL/min) for at least 15 minutes or until the detector indicated 0.1 ppm SO2 or less. All 

capture experiments were conducted at room temperature and 1 atm, with an inlet flow rate of 10 

mL/min. The experimental setup was placed in a fume hood and the exiting gas was vented. 

The capture capacity of the adsorbents can be calculated by determining the area over the 

breakthrough curves up to the inlet concentration. To normalize the calculations and account for 

experimental differences, the blank’s breakthrough curve was used as the upper limit below which 

the area would be calculated. The area from which the adsorption capacity was determined was 

calculated by the following equations. 

 

𝑎9:.0(	',0	*9(<0 = : 𝑦= × (𝑥> − 𝑥=)
'?('@=)

'?A

	 (2.3) 

𝑎*)B)*/'- = 𝑎CD):E − 𝑎F)GBD0 	[𝑝𝑝𝑚	𝑆𝑂> ∙ 𝑠] (2.4) 

 

From this area the mass of SO2 adsorbed was calculated using the flow rate (f)  

 

𝑚!"! = 𝑎#$%$#&'([𝑝𝑝𝑚	𝑆𝑂) ∙ 𝑠] × 10*+
𝑚𝑜𝑙	𝑆𝑂)
𝑚𝑜𝑙

𝑝𝑝𝑚	𝑆𝑂)
× 𝑓[𝑚𝐿/𝑚𝑖𝑛] ×

64	000	𝑚𝑔	𝑆𝑂)
𝑚𝑜𝑙	𝑆𝑂)

×
1	𝑚𝑜𝑙

22	400	𝑚𝐿
×
1	𝑚𝑖𝑛
60	𝑠

	(2.5) 

 

And the capture capacity per mass of adsorbent or iron was calculated using the following 
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𝐶 =
𝑚𝑆𝑂2 	[𝑚𝑔	𝑆𝑂2]

𝑚).FH(C0:'
10

E𝑚).FH(C0:'
10

F
×
1000	𝑚𝑔

𝑔 	 (2.6) 

 

2.2.6.  Adsorbent characterization 

Transmission electron microscopy (TEM) and scanning transmission electron microscopy 

(STEM) were used to evaluate the Fe-based nanoparticle size and their dispersion on the cellulose 

support. This was achieved by capturing images using the high-angle annular dark-field (HAADF) 

detector and by performing energy dispersive X-ray spectroscopy (EDS) maps as well as localized 

measurements This characterisation was performed using a Thermo Scientific Talos F2000X. 

Scanning electron microscopy (SEM) was performed to investigate the morphology of the 

adsorbent using a JEOL 6610LV SEM. The functional groups present on the adsorbent were 

quantified by performing FTIR in ATR mode using a Thermo Scientific Nicolet 6700 FTIR/ATR. 

X-ray diffraction (XRD) was performed using a Bruker D8 Endeavor Polycrystalline X-ray 

diffractometer with a Cu Ka sealed-tube source (l=1.54184 Å) and a LynxEye XE-T 1-D silicon 

strip detector. The iron weight content in each adsorbent was measured by Thermogravimetric 

analysis (TGA) using a TA Instruments TGA 550. Air was used as the atmosphere for the process 

and a ramp of 10°C/minute up to 1000°C was used to fully degrade the cellulose supported. The 

remaining mass was attributed to iron, considering it was entirely in the Fe2O3 oxidation state.  

 

2.3. Results and discussion 

2.3.1. Plant extract selection 

The measurement of the total phenolic content (TPC) of the various used plant extracts with 

the Folin-Ciocalteu reagent was performed as an initial step. This reagent contains a mixture of 

sodium molybdate and sodium tungstate which is reduced by phenols to produce a blue colored 

complex that absorbs light at 765 nm [52]. The unknown TPC of plant extracts was determined by 

using a calibration curve which was made from gallic acid. As such, the TPC is reported as gallic 

acid equivalents (GAE). The aim was to determine the concentrations of polyphenols in the plant 

extracts and identify the highest containing one. These phytochemicals are known to have the 

ability to reduce the metallic ions into nanoparticles via the donation of electrons from the readily 
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oxidizable phenols present on the molecules [53]. The oxidized polyphenols are then able to 

stabilise the nanoparticles thus preventing agglomeration and avoiding the use of another 

stabilising agent such as a surfactant. Figure 2.1 depicts the general pathway through which this 

phenomenon occurs. 

 

 
Figure 2.1. Scheme of iron reduction by polyphenols 

 

By selecting a plant extract having a high polyphenol concentration, the reduction step 

should perform more readily, and less extract would be required, allowing for better reagent 

economy. Extract of four different plants (green tea, peppermint tea, lime and lemon) were 

prepared at concentrations of 1 g, 2 g and 4 g of dry plant for 100 mL of water. Figure 2.2a shows 

how the TPC increases with increasing extract concentration, which is expected. Green tea extract 

has a significantly higher TPC when compared to lemon and curry extracts, and its TPC is similar 

to peppermint tea extract. Both tea extracts contain a GAE concentration about 10 times higher 

than the lemon and lime extract with the same concentration. This is in agreement with various 

other studies which have used green tea extract for the synthesis of various metal nanoparticles 

[54–56]. However, when assessing the concentration of polyphenols in the dry plant (the dry plant 

before extraction, figure 2.2b) it was observed that for both citrus extracts, the dry GAE 

concentration was independent of the extract concentration. This is expected as the TPC in the dry 

plant is fixed for a specific plant and should rather change based on the species of the plant. 

However, this was not the case for both tea extracts for which a decrease in the dry GAE 

concentration was measured with increasing extract concentration. This indicates that as more dry 

plant is used to produce a higher concentration extract, the amount of polyphenols extracted by the 

water was not proportional, suggesting that a maximal extraction was achieved. Thus, using a 
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higher mass of dry plant to produce the extract did not lead to a significant increase in phenolic 

content in the plant extract. As such, green tea with a concentration of 2 g/100 mL was selected 

for the synthesis of the adsorbents in this study, as it allows for a good balance between the final 

phenolic concentration in the extract and the mass of dry plant used. 

 

 
Figure 2.2. TPC measurement of four different plant extracts in terms of (a) GAE concentration and (b) 
GAE solid content 

 

When establishing stoichiometric measurement to determine the volume of green tea 

required to perform the plant-based reduction of iron, the average GAE concentration, which was 

determined using the Folin-Ciocalteu total phenolic content assessment, was used. For the 2 g/100 

mL extract, the average concentration was of 1607 mg GAE/L.  

 

2.3.2. Synthesis parameters for the green iron deposition 

Several synthesis parameters were varied to enhance the adsorption capacity of the adsorbent 

and determine which parameters were key to optimising the SO2 capture. A summary of the 

synthesis conditions for the different adsorbents is found in table 2.1.  

Adsorbent 1 depicts the initial conditions which were used as a reference point to be 

modified. A 10 wt% of iron was aimed for. The initial volume of green tea was selected based on 

a visual assessment of the solution’s colour: green tea extract was added to the iron precursor 

solution causing an instant change of colour from orange to black, indicative of the formation of 

iron nanoparticles [53]. When the solution stopped darkening, the volume of green tea added was 

deemed sufficient and used as the reference volume. Adsorbents 2 and 3 were meant to evaluate if 
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the reference volume of reducing agent was sufficient and evaluate whether stoichiometric 

amounts of green tea extract would improve the adsorption properties. Adsorbent 4 aimed to 

investigate the chemical speciation of the iron deposited on the cellulose, hence the absence of 

reducing agent, and its impact on the adsorption process. Additionally, the type of cellulose used 

as the support was investigated (adsorbents 5-7), the deposition time (adsorbents 8-10), and the 

iron content (adsorbents 11-14) which were conducted using the reference volume of reducing 

agent adjusted to the aimed deposition. 

 

Table 2.1. Adsorbent synthesis parameters 

Adsorbent Aimed iron 

deposition 

(wt%) 

Support Deposition 

time 

(hours) 

Volume of 

green tea 

(mL) 

Green tea 

equivalents 

1 10 MCC 72 6 0.04 

2 10 MCC 72 151 1 

3 10 MCC 72 303 2 

4 10 MCC 72 0 0 

5 10 NCC 72 6 0.04 

6 35 NCC 72 20 0.03 

7 35 MCC 72 20 0.03 

8 10 MCC 24 6 0.04 

9 10 MCC 120 6 0.04 

10 10 MCC 168 6 0.04 

11 5 MCC 72 3 0.04 

12 20 MCC 72 12 0.04 

13 50 MCC 72 30 0.02 

14 75 MCC 72 45 0.01 

 

2.3.3. Characterization of the adsorbent 

ATR-FTIR spectroscopy was used to characterize the starting cellulose material and its 

modification with Fe-based nanoparticles. Spectra of pristine MCC (figure 2.3a) exhibits the 
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characteristic peaks expected from cellulose. Namely, a broad peak at 3330 cm-1 which is attributed 

to O-H stretching, a peak 2904 cm-1 attributed to C-H stretching [57], a peak around 1320 cm-1 

corresponding to the O-H bending in alcohols [58] and a series of strong peaks at 1162, 1112 and 

1057 cm-1 characteristic of stretching in ethers and primary as well as secondary alcohols [58]. 

The deposition of Fe-based nanoparticles on the cellulosic support was monitored by assessing the 

variation of intensity in the peak located at 560 cm-1 which we assigned to Fe-O [59–61]. The 

baseline of all the peaks was normalized to compare peak intensities. As seen in figure 2.3b, the 

intensity of this peak gradually increases as the aimed iron deposition is increased. This suggests 

that the deposition process is effective as higher depositions should lead to stronger peak intensity 

when a successful deposition is achieved. It is also important to note that there is no absorption in 

the 1600 cm-1 range on the spectrum of the cellulose modified with a 50 wt% aim of Fe-based 

nanoparticles (figure 2.3a). This absorption would be typical from the stretching of carbonyls. This 

absence indicates that the reduction of the iron precursor was most probably carried out solely by 

the plant extract. Indeed, if the cellulose support contributed to the reduction, resulting carbonyl 

groups from the oxidation of the hydroxyls would have been observed by FTIR which was not the 

case. Hence the cellulose support did not seem to contribute nor get oxidised during the formation 

of nanoparticles. 

 

 
Figure 2.3. FTIR characterisation of (a) pristine and Fe modified microcrystalline cellulose, and (b) 
concentration of iron on microcrystalline cellulose 
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Thermogravimetric (TGA) analysis was conducted on the samples following the deposition 

of Fe-based nanoparticles on the cellulose support to quantify the iron content in the adsorbent and 

asses the achieved iron deposition. Figure 2.4a depicts a typical TGA curve obtained when 

combusting the adsorbent samples under air up to 1 000°C. A steep drop in mass is observed around 

300°C from the degradation of the cellulose support. The amount of deposited iron can be 

quantified from the leftover mass of the sample. As the measurement is performed under air, the 

iron is completely oxidised to Fe2O3 under these conditions [62,63] and the leftover mass is 

corrected to account only for iron as no ash remained from the combustion of pristine MCC. 

 

 
Figure 2.4. (a) Typical TGA degradation curve of adsorbent and the actual iron deposition in the adsorbent 
based on (b) the amount of reducing agent and (c) the aimed deposition 

 

Figure 2.4b compares the mass of iron measured in each adsorbent for the various 

stoichiometric ratios of reducing agent used (adsorbents 1-4, table 2.1). When no reducing agent 

was used, 0.47 wt% of iron was measured in the sample although none was expected. When green 

tea was used as the reducing agent, the deposited mass of iron increased with the stoichiometric 

ratio. Using the reference volume of green tea (0.04 equivalents), 0.32 wt% of iron was deposited. 

When using 1 equivalent and 2 equivalents of reducing agent, respective iron contents of 0.93 wt% 

and 2.25 wt% were measured in the samples. Figure 2.4c compiles the leftover iron in the samples 

as a function of the aimed iron deposition (adsorbents 11-14, table 2.1). As expected, the actual 

amount of iron deposited on the sample increased when the aim was increased. The actual 

depositions ranged from 0.16 wt% to 2.98 wt% when aims varied from 5 wt% to 75 wt.%. 

It was observed that as the aimed deposition increased, the material’s colour varied from 

white to black as expected since the iron concentration in the adsorbent increased (figure 2.5). On 

the other hand, when no reducing agent was used the retrieved powder maintained the orange 
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appearance observed in the iron nitrate precursor salt solution. A colour change from orange to 

black is indicative of the reduction of iron and nanoparticle formation. XRD analysis and SEM 

imaging were carried out to assess if there was a change in the chemical speciation of the iron 

depending on the amount of reducing agent used. 

SEM was used to compare the morphology of the above-described adsorbents: pristine 

MCC, MCC modified with iron using no reducing agent, 0.04 equivalents and 2 equivalents of 

reducing agent. As seen on figure 2.5a, pristine MCC has a mostly uniform size with some larger 

particles being observed. In both cases where no reducing agent was used (figure 2.5b-c), 

agglomerates were observed from the presence of particles which appear as white on the images 

due to a different mode of electron scattering (circled). Localised EDS was performed on these 

particles and showed that they contained iron above the iron concentration measured by TGA (see 

supplementary information). When EDS was performed on surrounding MCC particles, no iron 

was identified. This would indicate a weak deposition process when no reducing agent was used 

as the iron clusters were simply recovered with the MCC from a precipitation during the deposition 

process. There is no uniform deposition otherwise iron would have been measured on the MCC as 

well and not be limited to the clusters. When a larger deposition volume is used (figure 2.5c) this 

difference between iron clusters and cellulose particles is even more pronounced and can be 

observed from the contrasting white and darker particles as circled on the image.  

In the case when 0.04 equivalents of green tea were used as a reducing agent, the morphology 

of the sample was very similar to that of pristine MCC. No iron clusters were observed on the 

images indicating a uniform deposition with limited agglomeration on the support. Localised EDS 

was also performed on this sample and iron was detected in all the particles, again supporting the 

successful deposition of the nanoparticles. However, when 2 equivalents were used, some 

agglomeration was obvious from the presence of very large iron clusters which were confirmed by 

localised EDS (circled on figure 2.5e). These agglomerates are probably a result of an excess of 

nanoparticles and the inability for the cellulose to stabilise them all. As such, agglomerates were 

formed and precipitated out of the solution during the deposition process. They were then 

recovered with the adsorbent which would explain the much darker colour of this adsorbent. A 

black layer of Fe-based nanoparticles was also observed on top of this adsorbent after the 

centrifugation process which further supports the hypothesis of agglomeration of the nanoparticles 

and the precipitation of these clusters. 
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Figure 2.5f-i shows the XRD patterns of pristine MCC and MCC modified with iron using 

different amounts of green tea. When no reducing agent was used (figure 2.5g-h) the adsorbent 

had an orange colour. By simply increasing the total volume used when the deposition was carried 

out, the amount of iron recovered in the sample increased significantly (see supporting 

information) and the XRD pattern corresponded to that of FeO(OH). This iron hydroxide was 

expected to be formed when no reducing agent was used as the Fe3+ ions are hydrolysed by water 

to form the hydroxide when no reducing agent is present [64]. It is hypothesized that the chemical 

speciation of the iron is the same when a “standard” volume is used to perform the deposition, as 

the reaction conditions are otherwise identical. However, this could not be confirmed by XRD as 

the iron content was too low for the signals to be distinguished from the one of MCC (figure 2.5g). 

In the cases when 0.04 equivalents and 2 equivalents of green tea were used, the oxidation state of 

the iron could not be resolved by XRD (figure 2.5i-j). For both these cases, the strong amorphous 

signal of MCC, which results in very broad peaks, likely overlapped with those of the Fe-based 

nanoparticles. This phenomenon is further accentuated by the nano nature of the particles. Indeed, 

nanoparticles exhibit weaker and broader signals by XRD as they produce more scattered 

diffraction [65].  

 

 
Figure 2.5. SEM images of (a) pristine MCC and MCC modified with iron using (b) no reducing agent, (c) 
no reducing agent using the same total volume as when using 2 equivalents (d) 0.04 equivalents of reducing 
agent and (e) 2 equivalents of reducing agent. XRD patterns of the adsorbents with (f) pristine MCC, (g) 
no reducing agent, (h) no reducing agent using the same total volume as when using 2 equivalents, (i) 0.04 
equivalents of reducing agent and (j) 2 equivalents of reducing agent. 
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Transmission electron microscopy (TEM) was used to determine the size of the Fe-based 

nanoparticles and the chemical speciation of the iron after the plant-based reduction. The chemical 

speciation could not be determined by XRD when the nanoparticles were deposited on MCC, and 

SEM did not provide sufficient resolution to distinguish the nanoparticles from the support. 

Therefore, a suspension of nanoparticles on their own was prepared for TEM imaging. Figures 

2.6a and 2.6b show the nanoparticles produced by this method are spherical and have an average 

size of about 10 nm. Nanoparticles were delimited by either a change in the diffraction pattern or 

the presence of an amorphous section surrounding a diffraction pattern. When either of these were 

observed, it was considered as the delimitation between the particle and the background. Selected 

area electron diffraction (SAED) was performed on these particles to determine the chemical 

speciation of the iron since it could not be determined through XRD. Although this reduction has 

already been reported, there does not seem to be a consensus in the literature as for the chemical 

speciation of the iron with both zero-valent iron [66] and iron oxide [67] being reported. SAED 

patterns are found on figures 2.6c and 2.6d, and their reconstruction allowed to identify the 

oxidation of iron as corresponding to magnetite, or Fe3O4 (see supplementary information for 

details). 
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Figure 2.6. TEM images of (a,b) Fe3O4 nanoparticles after reduction with green tea and (c,d) SAED patterns 
of the nanoparticles 

STEM imaging and EDS mapping were used to compare the morphology of both types of 

support, namely MCC and NCC, and determine if an iron deposition pattern was observed. Figure 

2.7 compares high-angle annular dark field (HAADF) images and EDS maps from both types of 

support. From the HAADF images, it is apparent that the NCC support is much smaller, and the 

expected fibrous nature of the support was observed (figure 2.7a). Some denser particles were 

dispersed across the sample as seen by the white particles on the image. Although they could 

appear as agglomerates of Fe3O4 nanoparticles, both EDS mapping (figure 2.7c) and localised EDS 

measurement (see supplementary information) did not show any localised increase in the iron 

concentration in these specific locations compared to the rest of the sample. EDS mapping did not 

show any preferred orientation or location for the Fe3O4 nanoparticles to deposit on. Iron was 

observed across the entirety of the sample image and was not only with the cellulose fibers. This 

indicated that the iron recovered in this sample was not effectively stabilised by the NCC. MCC, 

on the other hand, is a significantly larger support and is much more amorphous in nature when 
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compared to NCC (figure 2.7b). Indeed, the amorphous domains of the biopolymer contain chains 

entangled together, without any chemical interaction. On the other hand, crystalline domains will 

likely be characterised by strong hydrogen bonding between the hydroxyls. In such case, the 

hydroxyls would be less available to stabilise Fe3O4 nanoparticles, thus leading to a weaker 

deposition. The weaker deposition process observed on NCC could result from this phenomenon 

as it contains more crystalline domains than MCC. EDS mapping was performed in various 

locations across the adsorbent and iron was systematically observed exclusively on the MCC 

(figure 2.7d). This would indicate that the Fe3O4 nanoparticles were preferentially deposited on the 

surface of the MCC as desired, and no un-stabilised Fe3O4 nanoparticles were left in the sample.  

 
Figure 2.7. HAADF images of (a) NCC based adsorbent and (b) MCC based adsorbent. EDS maps of (c) 
NCC based adsorbent and (d) MCC based adsorbent 
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2.3.4. SO2 capture experiments 

Breakthrough experiments were performed to investigate the affinity of the adsorbents for 

SO2 and measure their adsorption capacities. Each series of breakthrough experiments were 

designed to evaluate a specific impact in the synthesis conditions and assess its importance in the 

adsorbent’s performance. Breakthrough times and adsorption capacities of the adsorbents were 

evaluated when the outlet concentration reached 1 ppm SO2. They are presented in figure 2.8. As 

mentioned in the experimental section, blank experiments were performed to establish the 

experimental saturation concentration of the packed bed reactor (PBR) which was measured at 23 

ppm SO2 (slightly lower than the concentration advertised by the supplier). This value was used 

to normalize the experimental results. The blank and the pristine MCC breakthrough curves are 

also shown on each plot as reference curves. All the SO2 capture experiments were performed up 

to the saturation point.  
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Figure 2.8. Breakthrough curves and adsorption capacities in terms of mass of adsorbent to assess the effect 
of (a,b) the nature of the support, (c,d) the deposition time, (e,f) the aimed deposition and (g,h) the amount 
of reducing agent. Capture experiments were conducted with 100mg of adsorbent, a flow rate of 10 mL/min 
and at room temperature. The adsorption capacity was evaluated at 1 ppm. The percentages represent iron 
concentration in the adsorbents (wt%). For columns with error bars, n=3. 
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2.3.4.1. Impact of the type of cellulose support 

Nanocrystalline cellulose and microcrystalline cellulose were compared as supports for the 

iron nanoparticles. Both types of cellulose showed low adsorption capabilities in their pristine 

form, with breakthrough times of 3.0 minutes for both NCC and MCC. This corresponded to an 

adsorption capacity of 3.8´10-4 mgSO2/gadsorbent. Modification of the support with Fe3O4 

nanoparticles increased the adsorption capabilities and therefore resulted in an increase in 

breakthrough time. To assess the effect of the nature of the support, two different deposition 

concentrations of 0.32 wt% and 1.24 wt% were selected for each support and compared between 

their counterpart and the raw supports. As seen on figure 2.8a-b, modifying NCC with either 0.32 

wt% or 1.24 wt% of Fe3O4 nanoparticles had no significant impact on the affinity of the adsorbent 

for SO2. Indeed, breakthrough times marginally increased to 5.4 and 3.5 minutes respectively for 

0.32 wt% and 1.24 wt% which corresponds to adsorption capacities of 7.2´10-3 mgSO2/gadsorbent and 

1.2´10-3 mgSO2/gadsorbent. This indicated that NCC was not a suitable candidate for this specific 

application as even modification of the material did not lead to any increase in adsorption. On the 

contrary, modification of MCC with Fe3O4 nanoparticles substantially increased the capture 

potential of the adsorbent, with breakthrough time increasing to 21.7 minutes for 0.32 wt% 

(capture capacity of 0.087 mgSO2/gadsorbent) and 46.6 minutes for 1.24 wt% (capture capacity of 0.22 

mgSO2/gadsorbent). This represents an increase in capture capacity of 225 times for 0.32 wt% and 577 

times for 1.24 wt%. This increase is probably a result of the localized deposition of Fe3O4 

nanoparticles on MCC which was not the case on NCC. With the nanoparticles being attached to 

the support, they can act synergistically in the adsorption process.  

 

2.3.4.2. Nanoparticle deposition time impact 

The second parameter investigated for its impact on the adsorption capacities was the time 

of the deposition of Fe3O4 nanoparticles on the MCC during the synthesis. To evaluate this, various 

adsorbents with an aimed iron deposition of 10 wt% were synthesized. Fe3O4 nanoparticles were 

stirred with the MCC for durations varying from 24 hours (1 day) to 168 hours (7 days) in 

increments of 48 hours. It is obvious that a 24-hour deposition was insufficient to ensure adequate 

deposition on the support as seen in figure 2.8c-d. Indeed for 24 hours of deposition, the 

synthesized adsorbent performed similarly to MCC meaning with a breakthrough time of 5.6 

minutes and an adsorption capacity of 9.6´10-3 mgSO2/gadsorbent. This would indicate that the 
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deposition is slow and is limited by surface interactions between the magnetite nanoparticles and 

the support. When the deposition time was of 72 hours, the breakthrough time increased to 21.7 

minutes and the associated adsorption capacity was 0.087 mgSO2/gadsorbent. This significant 

improvement confirmed that the deposition process did take place, but at a slow rate. When the 

deposition time was increased further to 120 hours (5 days) and 168 hours (7 days) no significant 

improvement were observed in either case. For both depositions the breakthrough times were of 

16.3 minutes and 16.1 minutes respectively which are both lower than the 21.7 minutes achieved 

with 72 hours deposition. The adsorption capacities also decreased to 0.053 mgSO2/gadsorbent and 

0.051 mgSO2/gadsorbent. The lack of improvement could result from an equilibrium being achieved 

after the 72 hours deposition as the nanoparticles are only physically retained on the surface of the 

cellulose and can return in suspension. A deposition time of 72 hours was selected as being the 

optimal between the four deposition times investigated and was kept for further syntheses.  

 

2.3.4.3. Impact of iron content on adsorption capacity 

To assess the importance of iron in the SO2 capture process, various adsorbents were 

synthesized with different iron contents. To achieve this, the concentration of the iron nitrate 

precursor salt was varied for each sample to aim for a desired final iron content as reported in 

adsorbents 11-14 of table 2.1. The volume of green tea was modified accordingly while 

maintaining a constant ratio of volume of green tea over the aimed deposition as for the reference 

conditions (adsorbent 1). Although the measured iron concentration in the samples was lower than 

the aimed deposition, as observed by TGA analysis, an increase in the iron content of the samples 

was proportionally obtained while increasing the precursor concentration. As seen on figure 2.8e-

f, there was an increase in the capture capacity compared to pristine MCC immediately when iron 

was deposited on the surface with the breakthrough time increasing to 7.7 minutes and the 

adsorption capacity to 0.017 mgSO2/gadsorbent with an iron content of only 0.16 wt%. Increasing the 

iron content in the adsorbent systemically increased the adsorption capacity of the material thus 

confirming that Fe3O4 nanoparticles played a key role in the process. This effect seemed to plateau 

past an iron concentration of 2.71 wt% which resulted in a breakthrough time of 83.6 minutes and 

an adsorption capacity of 0.45 mgSO2/gadsorbent. When an iron concentration of 2.98 wt% was 

measured, the breakthrough time and the adsorption capacity decreased to 70.3 minute and 0.38 

mgSO2/gadsorbent respectively. The difference is not significant enough to confidently differentiate 
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the two, hence why a plateau effect is proposed. This could be a result of a less uniform deposition 

resulting in a decrease of interface between MCC and the nanoparticles as well as less iron surface 

available for the adsorption.  

 

2.3.4.4. Impact of the amount of reducing agent on adsorption 

The last parameter monitored was the impact of the amount of reducing agent used to 

generate the nanoparticles (figure 2.8g-h). The aim was to confirm whether the nanoparticles 

maintained their ability to capture SO2 when 1 or 2 equivalents of green tea were used as reducing 

agent although some agglomeration of Fe3O4 particles had been observed by SEM in these 

adsorbents. Although using more green tea resulted in a higher iron content in the adsorbents 

(measured by TGA), the adsorption capacities decreased in both cases. Indeed, breakthrough times 

decreased from 21.7 minutes (observed when using 0.04 equivalents of green tea) to 9.4 minutes 

and 16.5 minutes as the conditions were modified from using the reference volume of green tea to 

using 1 and 2 equivalents respectively. In terms of capture capacities, this meant a decrease from 

0.087 mgSO2/gadsorbent to 0.025 mgSO2/gadsorbent and 0.061 mgSO2/gadsorbent. This showed that the iron 

being recovered in these samples was not able to efficiently interact with SO2 and favor its 

adsorption. This was likely due to the nanoparticles having agglomerated under these conditions 

as observed by SEM. There was an increase in SO2 capture when comparing the 2-equivalent to 

the 1-equivalent sample, but the former contained over 2 times more iron hence its adsorption 

capacity should increase. When no reducing agent was used, SO2 adsorption was still observed 

although the iron was not in the same chemical speciation as when reduced. Indeed it was shown 

by XRD that FeO(OH) was present in this adsorbent. This form of iron did not perform as well as 

the Fe3O4 nanoparticles which is shown by the lower breakthrough time of 16.7 minutes and 

capture capacity of 0.062 mgSO2/gadsorbent. Using a sub stoichiometric amount of reducing agent 

yielded the adsorbent for which the nanoparticles had the highest affinity for SO2. 

 

2.3.4.5. Adsorption capacity as function of iron content 

To further quantify the effectiveness of the Fe3O4 nanoparticles in increasing the adsorption 

of SO2, adsorption capacities for each adsorbent were expressed per mass of iron rather than per 

mass of adsorbent. This allows to compare the three types of iron oxides observed across the 

adsorbents – Fe3O4 nanoparticles, agglomerated Fe3O4 and FeO(OH). Figure 2.9 depicts how these 
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capacities vary as the nature of the iron changes. This is achieved by modifying the amount of 

reducing agent used. Comparing the adsorbent where no reducing agent was used to the one where 

0.04 equivalents of reducing agent were used (adsorbents 1 and 4), it is obvious that the Fe3O4 

nanoparticles have a higher affinity towards SO2 than the FeO(OH) particles. Indeed, the capacity 

doubled going from 12.0 mgSO2/gFe to 24.6 mgSO2/gFe when using 0.04 equivalents of green over 

no reducing agent. This is a clear confirmation that the iron speciation influences the adsorption 

capacity. The adsorbents synthesized by using 1 and 2 equivalents of green tea showed 

agglomeration of the Fe3O4 particles by SEM. A significant decrease of capture capacity was 

observed for both these adsorbents compared to when 0.04 equivalents of green tea were used. 

Both performed similarly with a capacity of 2.7 mgSO2/gFe which is a decrease of one order of 

magnitude compared to the capacity of 24.6 mgSO2/gFe which was measured for the sample 

synthesized with 0.04 equivalents of green tea. A decrease in adsorption is to be expected when 

nanoparticles agglomerate as they provide less surface area and loose some reactivity specific to 

their nano form. This goes to show that synthesis conditions for the adsorbent must be carefully 

chosen to achieve the optimal material for this specific application. 

 

 
Figure 2.9. Adsorption capacities in terms of mass of iron depending on the volume of reducing agent used 
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The capacities were also compared across the adsorbents for which the aimed deposition of 

iron was varied while maintaining the standard volume of reducing agent. Among those adsorbents 

the iron remains in the form of Fe3O4 nanoparticles and solely the impact of the concentration of 

magnetite in the sample is compared. Across the samples, an optimum was achieved between a 0.3 

wt% and 1.0 wt% of iron on the support. This type of phenomenon is common when depositing 

nanoparticles on a support as a balance between the presence of Fe3O4 nanoparticles, sufficient 

surface area and interface is achieved. By not reaching this optimum, as is the case with less then 

0.3 wt%, or by going pass this optimum, as with all the adsorbents with concentrations over 1.0 

wt%, one of the components starts having a negative impact which decreases the adsorption 

capacity. It is interesting to note that the capacities for the depositions using the standard volume 

of reducing agent which have an iron content of 2.7 wt% and 3.0 wt% are both significantly higher 

than that of the adsorbent synthesized using 2 equivalents of reducing agent (2.3 wt%) although 

they contained similar amounts of iron. Indeed, the mass of iron in the adsorbent containing 2.7 

wt% was only 1.2 times higher and the mass of iron in the adsorbent containing 3.0 wt% was 1.3 

times higher than that of the adsorbent synthesized with 2 equivalents of reducing agent. However, 

the capacities increased respectively by 6.0 times and 3.8 times. This further demonstrates the 

critical nature of the Fe3O4 particle agglomeration in the SO2 adsorption process. 

 

2.4. Conclusion 

Fe3O4 nanoparticles were synthesized by using a green tea extract and were deposited on 

NCC and MCC. This yielded new, sustainable adsorbents used for the first time in the capture of 

25 ppm SO2 in Ar. FTIR was used to monitor the deposition of magnetite nanoparticles on the 

cellulose and TGA to assess the effective quantity deposited on the support. STEM imaging 

showed that the deposition process was more efficient on the MCC than the NCC support. 

Adsorbents were synthesized using 0, 0.04, 1 and 2 equivalents of green tea as the reducing agent. 

SEM imaging showed some agglomeration of the Fe3O4 nanoparticles when 0 and 2 equivalents 

of green tea were used. XRD was used to confirm the chemical speciation of the iron when no 

reducing agent was used. FeO(OH) was observed under this condition which differs from Fe3O4 

observed by SAED when using the green tea reduction. 
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Adsorbent synthesis parameters were varied to evaluate their influence in the adsorption 

process. Namely, the type of the cellulose (NCC or MCC), the deposition time, the concentration 

of Fe3O4 nanoparticles and the chemical speciation of the iron were investigated. Their impact was 

measured by breakthrough experiments. NCC was inefficient for this application and MCC 

required deposition of Fe3O4 nanoparticles by using 0.04 equivalents of green tea as reducing 

agent. A 72-hour deposition time with an iron concentration of 0.32 wt% resulted in a capture 

capacity of 0.087 mgSO2/gadsorbent, which is 225 times increase compared to pristine MCC. As the 

iron content increased in the adsorbent, the adsorption also increased, indicative that the Fe3O4 

nanoparticles were key in this process. The adsorption capacity per mass of iron in the adsorbent 

was maximal around a deposition of 0.3 wt% - 1 wt%. When no reducing agent was used, FeO(OH) 

was present in the adsorbent and the capture capacity decreased by nearly 50%. When 1 and 2 

equivalents of green tea were used, agglomerated Fe3O4 particles were observed in the adsorbents 

and the capture capacities decreased by an order of magnitude compared to when 0.04 equivalents 

were used. In summary, Fe3O4 nanoparticles supported on MCC proved to be an effective and 

sustainable adsorbent for the capture of trace concentrations (25ppm) of SO2. 
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Chapter 3. Glycerol oxidation with magnetite-based catalysts: 

Exploring Fenton-like and photocatalytic reactions 

 

 

Abstract 
With current needs for alternatives from traditional fossil fuels, the biodiesel production has 

been rapidly increasing. This however led to a need in valorizing the glycerol byproduct. The 

catalytic oxidation of glycerol to dihydroxyacetone is a promising avenue but is challenging due 

to selectivity. Herein we present the use of Fe3O4 nanoparticles as catalysts in a Fenton-like and a 

photo Fenton-like systems for this reaction. Fe3O4 catalysts were obtained by coprecipitation and 

by a novel steel revalorisation process. The catalysts were characterised by transmission electron 

microscopy (TEM), X-ray diffraction (XRD), dynamic light scattering (DLS) and UV-Vis 

spectroscopy. Fe3O4 catalysts were also doped with Ag nanoparticles to decrease their bandgap as 

confirmed by the Tauc method. A traditional Fenton oxidation, using FeCl3 as catalyst, was used 

as benchmark to evaluate the Fenton-like oxidation. Parameters such as the hydrogen peroxide to 

glycerol ratio, the doping of the catalyst, the type of Fe3O4 and the mass of catalyst were 

investigated. The Fe3O4 catalysts all significantly increased the selectivity towards DHA compared 

to FeCl3. The highest selectivity obtained was 94% with Fe3O4 doped with Ag using NaBH4 as 

reducing agent. However, the conversions remained between 6% and 19% using the Fe3O4 

catalysts. The Ag doped catalyst was also tested in a photo oxidation reaction in the absence of 

hydrogen peroxide. HPLC measurements indicated the formation of a product, but it’s structure 

could not be elucidated. The light intensity proved to be critical in this reaction, with an optimum 

of 5000 lux in the system. 

 

Keywords 
Glycerol, Fe3O4, Fenton, Oxidation, Valorization 
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3.1. Introduction 

With today’s environmental crisis, the need to decrease the anthropological footprint is more 

pressing than ever. In this context, development and implementation of alternative fuels to power 

our commodities has significantly raised over the last three decade, mostly because of 

governmental policies and incentives [1]. Biodiesel is one of the alternative fuels whose production 

has increased by nearly 6000% from 2004 to 2023 in USA [2]. Biodiesel is produced from a 

transesterification reaction of waste vegetable oils to yield crude esters which are the biodiesel and 

crude glycerol [3]. Indeed, about 10 wt% of the transesterification reaction products is glycerol 

[4]. Glycerol, or propane-1,2,3-triol, is a viscous liquid at room temperature which is odourless 

and colourless [5]. It has various applications in pharmaceuticals, cosmetics, food and tobacco 

industries, but the surplus generated from the increased biodiesel production has negatively 

affected both the glycerol market and become a challenge for the biodiesel producers [6]. As a 

result, glycerol is currently generally considered a waste byproduct and may be incinerated, used 

as animal food supply or simply disposed of in landfills [7,8]. There is therefore a need to 

implement technologies to valorise this waste stream especially considering that the production of 

biodiesel is expected to keep growing. 

The three hydroxyl groups present in the glycerol chemical structure allow this molecule to 

undergo a wide range of chemical reactions such as etherification, esterification, carboxylation, 

hydrogenolysis or oxidation (figure 3.1). A full oxidation can be carried out to yield carbon dioxide 

which has a lower value than the initial glycerol molecule [9]. A more challenging partial oxidation 

can be desired to yield valuable chemicals like dihydroxyacetone (DHA), glyceraldehyde (GLAD) 

or glycolic acid (GLOA). Dihydroxyacetone is produced from the oxidation of the secondary 

hydroxyl. It is the oxidation product with the highest value since it is used in the cosmetic industry 

as a tanning agent, as well as in the pharmaceutical, fine chemicals and food industries [10]. 

Selective oxidation on the secondary carbon is hard to achieve and the oxidation of the primary 

carbon leads to the formation of glyceraldehyde. This chemical is also used in the cosmetic 

industry, for organic chemistry and pharmaceutical applications [11]. These oxidations may be 

performed by different methods for example by using mild reducing agents such as 2,2,6,6-

Tetramethylpiperidinyloxy TEMPO [12,13] or hydrogen peroxide [14], by electrochemical 

processes [15,16], although this method is usually applied to perform a full oxidation to formic 

acid or CO2 and in parallel produce H2 as an alternative to the water splitting reaction [17]. 
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Catalysts and photocatalysts may also be used to achieve this oxidation, and these approaches are 

preferred to the use of external oxidants to follow the green chemistry principles of reagent 

economy, safer chemical synthesis and the use of catalysis [18].  

 

 
Figure 3.1. Examples of possible chemical reactions to valorise glycerol 

 

The vast majority of reported catalytical oxidation of glycerol rely on noble metal-based 

catalysts for non-photocatalytic system. Platinum, palladium and gold are the three metals which 

have received the most attention [19]. Pt catalysts showed reactivity in both neutral and acidic 

environments whereas Au catalysts require basic environments to catalyse the reaction [20]. Pt 

catalysts preferentially oxidise the terminal hydroxyls on the molecule forming GLAD [21], 

whereas Pd may be used to selectively produce DHA [22]. However, both these metals tend to 

deactivate from overoxidation [23,24] Au catalysts are less sensitive to oxygen poisoning, allowing 

to use higher oxygen partial pressures with these catalysts [25]. When Au was alloyed with Pd or 

Pt, Villa et al. reported that C-C cleavage was limited thus favoring valuable C3 compounds [26]. 

Although noble metals have been studied more extensively, their use limits the economic viability 
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of the technology. There is therefore a need for more accessible catalysts for the valorisation of 

glycerol by oxidation. 

On the other hand, the most widely studied photocatalyst for environmental processes such 

as this oxidation reaction is by far TiO2 due to its high activity, stability, affordability and non-

toxicity [8,27]. The photocatalyzed reaction proceeds by the excitation of electrons from the 

valence band to the conduction band of the photocatalyst. These excited electrons and the 

corresponding holes can then react with surrounding chemical species such as water and air or 

directly oxidise glycerol. When reacting with water or air they generate reactive oxygen species 

(ROS) which can oxidise glycerol subsequently [28]. The selectivity towards specific products is 

hard to achieve under these conditions as sequential oxidations may occur [29], but controlled 

oxidation is still possible and desired to produce valuable chemicals. Indeed, by developing careful 

reaction condition Liu et al. reported the selective oxidation of glycerol to formic acid in the 

presence of oxygen via a mechanism involving superoxide radicals [30]. The phase of the TiO2 

(anatase to rutile ratio) as well as the type of photoreactor used also proved to have an impact on 

the selectivity of the yielded products, with commercial P25 (Anatase:Rutile, 85:15) showing a 

good selectivity towards DHA [31]. Although being popular, a major drawback of TiO2 resides in 

its large band gap (∼ 3.0-3.2eV) which requires UV light to be activated [32]. As this source of 

light is limited with only 5% of the sun energy being in the UV range, research has been carried 

out to decrease the band gap and allow for activation by visible light [33]. Recently, Rojas et al. 

decorated P25 (TiO2) with Ag nanoparticles and produced dihydroxyacetone with high selectivity 

by using visible light [34]. 

Another approach is to use semiconducting materials with smaller band gaps as 

photocatalysts. Fe3O4, or magnetite, is an increasingly popular catalyst due to its low cost, high 

stability, non-noble metal composition, non-toxicity and strong magnetic properties which 

facilitates its recovery. It is also showing potential as a good photocatalyst due to its low band gap 

of 2 eV [35] which allows for its excitation from visible light [36]. Moreover, iron has been used 

since the 1990s for waste treatment through Fenton reactions [37] and multiple heterogenous 

Fenton-like systems using Fe3O4 as the source of iron have been reported for oxidising organic 

compounds [38]. The Fenton reaction consists in a strong oxidation of organic compounds 

mediated by hydroxyl radicals which are generated from hydrogen peroxide [39]. Hydroxyl 

radicals can also be generated from holes formed during the excitation of electrons in a 
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photocatalyst such as Fe3O4,[40], which could allow to perform similar oxidation reactions without 

the use of hydrogen peroxide.  

Magnetite-based catalysts can be upgraded with noble metal nanoparticles to enhance their 

photocatalytic activity. Indeed, some noble metal nanoparticles exhibit surface plasmonic 

resonance (SPR) [41]. This phenomenon is observed when frequencies of the incident photons 

match that of the electrons of the noble metal nanoparticles. The electrons and the photons can 

then oscillate in resonance thus concentrating the energy of the photons in specific volumes. From 

this effect, more excited electrons are generated which increases the photocatalytic reactions [42]. 

Nanoparticles may be deposited on the magnetite support from chemical reduction using 

traditional reducing agents like NaBH4 [43,44] or from a greener approach through the reduction 

from plant extracts which contain phytochemicals able to generate and stabilise the nanoparticles 

[45]. Ag nanoparticles are generally preferred for this application due to their good stability, high 

sensibility and light absorption in the visible range [46]. Indeed, introducing Ag nanoparticles on 

the surface can provide additional energy levels for excited electrons to transit into. From the 

localised surface plasmon resonance effect, Ag nanoparticles can also be excited by a wavelength 

of light found in the visible light range (around 400nm) which can excite more electrons in the 

conduction band of magnetite [47].  

In this work, various magnetite-based catalysts are proposed and studied for the oxidation of 

glycerol aiming for a sustainable and green active catalyst. The coprecipitation method is 

compared with magnetite produced from a revalorisation process of waste steel shavings, and both 

benchmarked using FeCl3. Coprecipitation is a very widely used approach which consists in 

combining Fe2+ and Fe3+ salt solutions in the presence of a strong base which induces simultaneous 

precipitation to form Fe3O4 particles [48].On the contrary, in the revalorisation approach waste 

steel shavings are oxidised using different conditions of pH (3 to 5) and temperature (50-90°C) to 

form Fe3O4 nanoparticles [49]. Magnetite nanoparticles show high magnetic susceptibility which 

allows their easy recovery during their synthesis and after their use as catalysts. Both types of 

magnetite are upgraded with Ag nanoparticles using a chemical and a natural reducing agent. The 

synthesized catalysts were used for the catalytic valorisation of glycerol in a heterogeneous 

Fenton-like system and in a photocatalytic system.  
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3.2. Experimental 

3.2.1. Materials 

Iron sulfate hepta hydrate (Fe(SO4)•7 H2O, 99.5%) and iron chloride hexa hydrate (FeCl3•6 

H2O, 99+%) were purchased from Acros Chemicals, silver nitrate (AgNO3, ³99.7%), hydrogen 

peroxide 30% v/v (H2O2), acetonitrile (MeCN, HPLC grade) and concentrated nitric acid (HNO3, 

68-70%) were purchased from Fisher scientific, deuterium oxide (D2O, 99.9% atom D) and sodium 

hydroxide (NaOH, ³98%) were purchased from Millipore sigma. 1018 steel shavings were 

obtained from the machine shop of the University of Ottawa. Green tea was purchased from a local 

supermarket. All reagents were used as received without further purification.  

 

3.2.2. Catalyst preparation 

3.2.2.1. Coprecipitation 

Iron sulfate hepta hydrate (Fe(SO4)•7 H2O) and iron chloride hexa hydrate (FeCl3•6 H2O) 

were dissolved in deionized water to achieve a Fe2+ and Fe3+ ratio of 1:2. The obtained solution 

was heated to 70°C, then the pH was adjusted to 8 using a 5 M NaOH solution. A pH of 8 was 

selected based on prior optimization conducted in the laboratory. The mixture immediately turned 

black showing the formation of magnetite. The suspension was stirred for 1 hour with a mechanical 

stirrer. Magnetite was recovered from the liquid using a magnet and washed with deionized water. 

It was left to dry overnight in an oven at 40°C. 

 

3.2.2.2. Steel revalorisation 

For the novel steel revalorisation process, various temperatures and pH were investigated by 

our collaborators in Tecnológico de Monterrey to determine optimal conditions to oxidise the steel 

shavings used and produce a useful material in the form of magnetite [49]. Two different conditions 

generated reasonable amounts of magnetite with reported yields of 11.25% and 12.56%. These 

were respectively a combination of a pH = 3 with T = 60°C and a pH = 5 with T = 90°C. Both 

materials showed magnetic susceptibilities values similar to that of the coprecipitation magnetite 

with respective values of cm = 468 × 10−6 m3/kg and cm = 387 × 10−6 m3/kg. The second method 

was used for this work due to its shorter reaction time and higher yield. 



   70 

The obtained steel shavings were washed with an alkaline laboratory soap the remove the 

oil residues left from the machining process. Once clean, the shavings were rinsed with water to 

remove leftover soap. They were then placed in a round bottom flask and tap water was added to 

the flask. The pH was adjusted to 5 using a 10 M solution of HNO3. An overhead mechanical 

stirrer was introduced in the flask and the neck was sealed with aluminium foil. The mixture was 

stirred vigorously with the mechanical stirrer while being heated to 90°C for at least 24 hours. 

Water was added to the flask if needed as some evaporated and the pH was adjusted accordingly. 

The black powder (magnetite) formed from the reaction was recovered and separated from 

unreacted steel by using a magnet. It was washed with deionized water and left to dry overnight in 

an oven at 40°C. 

 

3.2.2.3. Magnetite doping 

100 mg of magnetite was suspended in 20 mL of water in a centrifuge tube. The mixture was 

sonicated using an ultrasound probe for 15 minutes with an amplitude of 40% using 40 seconds 

on, 20 seconds off cycles. A silver nitrate solution (the concentration depended on the aimed weight 

percentage deposition) was added to the centrifuge tube. The mixture was mixed using a vortex 

mixer for 10 minutes to ensure optimal dispersion. A solution of NaBH4 was added to the 

centrifuge tube. The concentration was determined so 12 hydrides equivalents would be added as 

this was the optimum measured from UV-Vis experiments described in the results section. It was 

assumed that each mole of NaBH4 produced 4 hydrides equivalents which could donate one 

electron for the reduction of Ag+. The resulting mixture was vortex mixed for 20 minutes. The 

resulting doped catalyst was recovered from the liquid using a magnet and washed with deionized 

water. It was left to dry overnight in an oven at 40°C. The same methodology was used when green 

tea was used as the reducing agent. In the case of green tea, 28 hydride equivalents were used. 

 

3.2.3. Glycerol oxidation 

3.2.3.1. Fenton-like oxidation 

The Fenton-like oxidation was performed in the presence of hydrogen peroxide. In a 5 mL 

centrifuge tube, glycerol was dissolved in deionized water to achieve a 0.1M concentration. When 

using a magnetite-based catalyst, the catalyst was first suspended in a 1 mL of water and sonicated 
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for 5 minutes with an amplitude of 40% using 50 seconds on, 10 seconds off cycles. The suspension 

was then added to the glycerol solution. When FeCl3 was used, it was simply dissolved in the 

glycerol solution. The desired volume of hydrogen peroxide was then added to the suspension. It 

was stirred for the desired time using a tube rotator. Aliquots were taken and filtered through 0.2 

μm filters, then prepared for nuclear magnetic resonance (NMR) analysis. Conversion and 

selectivity were determined using NMR with acetonitrile as an internal standard. 

 

3.2.3.2. Photo Fenton-like oxidation 

The photo Fenton-like oxidation was performed without hydrogen peroxide. A glycerol 

solution of 0.1M was placed in a beaker. The magnetite-based catalyst was suspended in 1 mL of 

water and sonicated for 5 minutes with an amplitude of 40% using 50 seconds on, 10 seconds off 

cycles. The suspension was added to the glycerol solution and the mixture was stirred using a 

centrifugal pump. The transparent reaction vessel was placed in a light box to carry out the 

reaction. Aliquots were taken and filtered through 0.2 μm filters, then analysed using HPLC. 

 

3.2.4. Material characterization 

3.2.4.1. Catalyst characterization 

X-ray diffraction XRD was used to confirm the formation of magnetite by both 

coprecipitation and revalorisation processes. It was also used to confirm the deposition of silver 

nanoparticles on the catalyst. It was performed using a Bruker D8 Endeavor Polycrystalline X-

rays diffractometer with a Cu Ka sealed-tube source (l=1.54184 Å) and a LynxEye XE-T 1-D 

silicon strip detector. UV-Vis spectroscopy was used to determine the optimal ratio of reducing 

agent necessary to full reduce the silver nitrate precursor into nanoparticles. An Agilent Cary 60 

was used in the absorbance mode to perform this analysis. Dynamic light scattering (DLS) was 

used to measure the particle size distribution of the magnetite catalysts. Water was used as the 

solvents and the magnetite suspension had a concentration of 7g/L It was performed using a 

Malvern zetasizer nano ZS. Transmission electron microscopy (TEM) was performed with a JEOL 

2010 TEM to measure the particle size of different catalysts and evaluate their morphology. 
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3.2.4.2. Band gap determination 

An Agilent Cary 100 was used in the diffuse reflectance spectroscopy (DRS) mode to 

perform the measurement necessary to determine the band gaps of the synthesized catalysts. The 

bandgaps were calculated using the Tauc method for a direct transition. The reflectance values 

obtained from the instrument are presented in Kubelka-Munk units (F(R)) vs wavelength (nm). By 

plotting the reflectance as a function of the photon energy (hv,eV) according to Tauc’s equation, 

the bandgap energy can be determined from the extrapolated x-intercept of the linear portion of 

the plot [50]. 

 

[𝐹(𝑅)ℎ𝑣]> = 𝐵Oℎ𝑣 − 𝐸IP	 (1) 

 

Where F(R) is the reflectance in Kubelka-Munk units, h is the Plack’s constant, v is the 

photon’s frequency, B is a constant and Eg is the bandgap 

 

3.2.4.3. NMR analysis 

NMR measurements were performed with a Bruker Avance III HD 500MHz. The samples 

(pure species used as standards or reaction aliquots) were dissolved in 90% H2O and 10% D2O 

mixture. 1H NMR spectra were recorded using two water suppression techniques: an excitation 

sculpting technique and a presaturation technique. Acetonitrile was used as an internal standard to 

perform quantitative analysis. Each component’s concentration in the solution was evaluated using 

the following equation: 

 

𝐶):)D-'0 =
𝐼):)D-'0
𝐼JK

𝑁JK
𝑁):)D-'0

𝐶JK	 (2) 

 

Where C is the concentration, I is the integral area of the peak of interest and N is the number 

of nuclei. IS represents the internal standard (here acetonitrile). 

A 1H NMR spectra of each experiment was recorded prior to adding the hydrogen peroxide 

(i.e. at time zero). All glycerol conversions were calculated based on their respective initial spectra. 

The conversion was calculated using the following equation: 
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𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛	(%) =
𝐼ID-*0(HD,A − 𝐼ID-*0(HD,'

𝐼ID-*0(HD,A
× 100 (3) 

 

The selectivity of the reaction towards a specific compound was calculated only from the 

spectra obtained by the presaturation technique. This was because the excitation sculpting method 

led to a partial suppression of the dihydroxyacetone peak (the main product) resulting in an 

artificially lower integral area. 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦	(%) =
𝑛B(H.9*'	HL	/:'0(0F'

∑𝑛B(H.9*'
	 (4) 

 

3.2.4.4. HPLC analysis 

HPLC measurements were performed using a Shimadzu Prominence equipped with a UV 

detector A Nucleogel sugar 810H, 8-10µm 300x7.8mm column as used. The mobile phase was 

composed of 85% water and 15% acetonitrile with a flowrate of 0.5 mL/min. The column 

temperature was of 70°C and the injection volume was 20µL. 

 

3.3. Results and discussion 

3.3.1. Magnetite characterisation 

Two different types of magnetite were compared for this application: a well-established 

synthesis method by coprecipitation and a novel synthesis from revalorisation of industrial steel 

shavings (cold rolled 1018 steel), as described in the catalyst preparation section. XRD was 

performed on both coprecipitation and revalorisation magnetite to confirm the oxidation state of 

the iron and compare both syntheses. As seen on figure 3.2, the coprecipitation method resulted in 

pure magnetite with no impurities present as expected from this well-established procedure. XRD 

spectra of the material yielded from the revalorisation condition also corresponded to magnetite 

with both powders showing a great fit with PDF card no: 01-075-0449. Surprisingly, when using 

the revalorisation approach no impurities were identified. Some other elements were expected as 

1018 steel is an alloy containing mostly iron, but also some carbon, manganese, phosphorous and 

sulfur[51,52]. It appears that these other elements did not react in the revalorisation process or 
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were completely removed during the washing process as none were observed by XRD. The only 

complementary signal which did not correspond with the Fe3O4 diffraction pattern was identified 

as Fe and its peaks are labeled by blue circles on Figure 3.2b. This iron could come from partially 

unreacted steel which led to non-oxidised iron. 

 

 
Figure 3.2. XRD diffraction patterns of Fe3O4 obtained by (a) coprecipitation and (b) steel revalorisation 

 

DLS measurements were performed on the two different types of magnetite to compare the 

average size of the particles and determine if a single or multiple size distributions were obtained. 

From figure 3.3a, it can be seen that both methods resulted in uniform sizes with only one size 

distribution being observed in both cases. Both methods yielded particles of similar sizes with the 

average diameter for the coprecipitation sample being 205 nm and the average diameter for the 

revalorised sample being 210 nm. Surprisingly, the revalorised magnetite also showed a slightly 

narrower size distribution. This similarity in size between both methods was also observed by TEM 

imaging (figure 3.3b, 3.3c).  
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Figure 3.3. Size distribution of the magnetite nanoparticles measured by (a) DLS. TEM images of (b) 
coprecipitated magnetite and (c) revalorised magnetite 

 

On the other hand, smaller particles are observed from the TEM images (figure 3.3b, 3.3c). 

Indeed, the coprecipitation method yielded circular particles of about 25nm. The particles do 

however form agglomerates and this type of behaviour is expected from magnetic materials [53]. 

Individual particles can however be identified from the TEM images. The nanoparticles yielded 

from the revalorisation protocol are also circular with an average diameter of about 50nm and 

agglomerates of similar size are observed. When starting with large steel residues, a complete 

degradation to atoms is improbable contrary to the case with the coprecipitation method. Hence, 

larger clusters are generated though the revalorisation process rather than the perfect nucleation 

observed in the coprecipitation method. The difference in size between the DLS and TEM 

measurements can be explained by the agglomeration observed on the TEM images. Indeed, when 

performing DLS it is perhaps the size of the agglomerates which is measured. This could also 

explain the broader size distribution observed by DLS for the coprecipitation magnetite as less 

particles are agglomerated causing the distribution to be less uniform. 

 

3.3.2. Magnetite doping with silver nanoparticles 

Both types of magnetite were doped with Ag nanoparticles to increase their photocatalytic 

activity. An initial assessment was performed to determine optimal ratios of reducing agent 

required to generate the Ag nanoparticles. Two different reducing agents were compared: a 

traditional chemical being NaBH4 and a greener alternative being green tea extract. The formation 

of nanoparticles was monitored by UV-Vis as Ag nanoparticles absorb light in the range of 400 to 
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500 nm [54], and was also confirmed by the light-yellow appearance of the yielded nanoparticle 

suspension. 

The first step was to determine the right reducing agent to AgNO3 ratio. Figure 3.4a depicts 

the variation in the intensity of the absorption peak corresponding the Ag nanoparticles as the 

NaBH4 to AgNO3 ratio is modified. A ratio of 12 equivalents proved to be the ideal as past this 

value the too large excess of reducing agent led to agglomeration of the nanoparticles and a 

decrease in the light absorption This was also confirmed by a visual change in the suspension with 

the appearance of grey particles suspended in the liquid. As the amount of reducing agent was 

increased further, large clusters were formed and settled out of the solution with the solution’s 

colour transitioning from the yellow (indicative of Ag nanoparticles) back to being transparent. 

 

 
Figure 3.4. Silver nanoparticles absorbance when different equivalents of (a) NaBH4 and (b) green tea are 
used as reducing agent 

 

Upon addition of NaBH4, the colour change was observed immediately. In the case of the 

addition of green tea (figure 3.4b), the colour change was not as evident because of the light brown 

colour of the extract itself. However, a colour change was still observed. UV-Vis measurements 

were also used to determine the optimal ratio of green tea extract to AgNO3 precursor. Contrary to 

the case when using NaBH4, the appearance of the absorption peak at 430nm was not immediately 

observed upon addition of green tea. In fact, about 30 minutes were necessary to allow for the full 

development of the peak which indicates that the reduction process takes place at a slower rate 
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under these conditions. This is not surprising as the green tea extract reduction relies on 

polyphenols present in the solution to achieve the reduction. Polyphenols are not as strong reducing 

agents as NaBH4 which could explain slower reaction kinetics as per the Marcus electron transfer 

theory [55,56]. An increase in the intensity of the peak associated to Ag nanoparticles was still 

observed and an optimal ratio of 28 equivalents was established for the green tea reduction. A very 

high absorbance was also measured at lower wavelengths from the absorption of light by the 

aromatic phytochemicals present in the tea extract. 

Both coprecipitation and revalorised magnetite were doped with Ag nanoparticles using the 

two different reducing agents with their respective optimal ratios established above. The resulting 

catalysts were characterised by XRD (figure 3.5) to confirm the successful doping with Ag. In both 

cases when NaBH4 was used, the diffraction peaks associated to Ag (identified by red triangles) 

were sharper and taller than when using green tea. The coprecipitation magnetite doped using 

NaBH4 was the best example. However, Ag peaks were observed nonetheless when using the green 

reduction method (figure 3.5b). The diffraction pattern of silver matched that of Ag0 (PDF card no. 

04-002-1171) showing that the silver precursor was effectively reduced by both NaBH4 and green 

tea. Magnetite also proved to be a suitable support to prevent the oxidation of the generated 

nanoparticles as no form of silver oxides were observed.  

UV-Vis measurements of the photocatalysts (see supplementary information) were 

performed using diffuse reflectance spectroscopy (DRS) to establish the direct band gap of each 

material using the Tauc method. As desired, all the photocatalysts absorbed light in the visible 

range from the DRS measurements. This is further confirmed by the band gap values established 

in figure 3.5c and 3.5d. The coprecipitation and revalorisation magnetite had very similar values 

with respective Eg values of 2.02 and 2.08 eV. Doping the supports with Ag nanoparticles 

decreased these values as desired. A smaller band gap value was desired to allow the photocatalyst 

to be activated by a broader range of visible light. For both supports, doping using green tea 

resulted in smaller band gap values of 1.88eV and 1.95eV for the coprecipitation and the 

revalorisation supports respectively, compared to 2.00eV and 1.99eV when using NaBH4. This 

reduction in the band gap when using green tea can be explained by the presence of leftover 

aromatic compounds in the photocatalyst which act as p- or n- dopants depending on the molecule 

[57] or by less crystalline Ag nanoparticles being produced from this method than from the NaBH4 

reduction [58]. 
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Figure 3.5. XRD diffraction patterns of silver doped magnetite using (a) NaBH4 and (b) green tea as 
reducing. Band gaps of the catalysts determined from the Tauc method using (c) coprecipitation magnetite 
and (d) revalorisation magnetite 

 

3.3.3. Glycerol oxidation in the presence of H2O2 

The synthesized catalysts were then used to perform the catalytic oxidation of glycerol in 

the presence of hydrogen peroxide. Table 3.1 summarizes the different reaction conditions with 

their respective conversion and selectivity towards formic acid (FA) and dihydroxyacetone (DHA). 
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Table 3.1. Reaction conditions when the glycerol oxidation is carried out in the presence of H2O2 in Fenton 
and Fenton-like systems 

Entry Catalyst 

Catalyst 

mass 

(mg) 

H2O2/Glycerol 
Conversion 

(%) 

Selectivity (%) 

FA DHA 

1 

FeCl3 8.1 

4.2 66 59 23 

2 2.8 66 68 25 

3 1.4 29 53 39 

4 1 33 57 37 

5 

Fe3O4 6.9 

2.8 10 32 68 

6 1.4 6 40 57 

7 1 9 35 51 

8 1%Ag-Fe3O4-NaBH4 
6.9 

2.8 7 7 93 

9 1%Ag-Fe3O4-GT 2.8 13 13 88 

10 
Fe3O4 

69 

0.69 

2.8 10 75 25 

11 2.8 11 12 88 

12 Revalorisation Fe3O4 6.9 2.8 19 25 73 

 

The developed catalysts were used and compared to a traditional Fenton system based on 

experimental conditions reported by Farnetti & Crotti [59]. The oxidation reactions were 

performed at room temperature in water and under a standard atmosphere to favor the oxidation 

process. The hydrogen peroxide to glycerol ratio was initially decreased to limit the oxidation 

potential and prevent over oxidation of glycerol. Indeed, the most valuable product generated from 

this oxidation process is DHA which is produced from one single oxidation on the secondary 

hydroxyl. The selectivity towards this desired product and the glycerol conversion were measured 

by NMR amongst the observed products. It is to be noted that some glycerol was converted to 

products which did not appear on NMR spectra. DHA selectivity was compared to that of FA which 

was the main compound observed by Farnetti & Crotti [59] when using FeCl3 under these 

conditions. FA is produced from a stronger oxidation of glycerol involving C-C bond cleavages 

and is generally associated to a mechanism involving glyceraldehyde as the product of the initial 

oxidation rather than DHA [60]. As such, monitoring the selectivity towards FA also indirectly 
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allows to assess the selectivity of the first oxidation towards the primary or the secondary hydroxyl. 

Figure 3.6 compares the glycerol yields, and the DHA selectivity obtained from the various 

reaction conditions. 

 

 
Figure 3.6. Glycerol conversion and DHA selectivity in the Fenton and Fenton-like systems after a reaction 
time of 2 hours at ambient temperature. Effect of the H2O2 to glycerol ratio in the (a) Fenton system 
catalyzed with FeCl3 and the (b) Fenton-like system catalysed with coprecipitation Fe3O4. Using a H2O2 to 
glycerol ratio of 2.8 effect of the (c) nature of the reducing agent used for Ag doping coprecipitation Fe3O4, 
the (d) mass of catalyst (-10x = 0.69mg, reference = 6.9mg, +10x = 69mg) and the (e) type of magnetite in 
the Fenton-like system. For all conditions, n=2. 
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Figure 3.6a, (entries 1 to 4 of table 3.1) were realised using FeCl3 as a catalyst in a traditional 

Fenton system. In this very strongly oxidising system, a complete oxidation to FA was expected. 

This is confirmed by the high conversions observed for H2O2/glycerol ratios of 4.2 and 2.8 which 

reached 66%. In both these cases, the major product observed was FA and the DHA selectivity was 

only 23% and 25% respectively. As the H2O2/glycerol ratio was decreased to 1.4 and 1, the DHA 

selectivity increased to 39% and 38%, as expected. Decreasing the ratio would decreases the 

oxidising potential, leading to an increase in the DHA selectivity as less of the reacting glycerol 

would undergo multiple oxidation reactions. This increase in selectivity did come at the expense 

of the overall glycerol conversion which decreased to 29% and 34% respectively. This initial 

investigation using a Fenton system confirmed that weaker oxidising conditions could enhance the 

selectivity towards DHA, which is the desired compound from this reaction. However, this 

increase remained limited as all ratios still lead to the formation of FA in majority.  

It was expected for the magnetite to have a weaker catalytic activity than the FeCl3 as the 

former is not soluble in water. This insolubility results in mass transfer limitations and a limitation 

in available catalytic sites which should lead to lower conversions. As expected, figure 3.6b 

(entries 5 to 7 from table 3.1) shows the results obtained using the same operating parameters, but 

with the coprecipitation Fe3O4 catalyst, and the conversion is significantly lower. Glycerol 

conversions of 10%, 6% and 9% were observed when ratios of H2O2/glycerol of 2.8, 1.4 and 1 

were used. It is important to note that Fe3O4 catalyses the degradation of hydrogen peroxide, thus 

preventing it from fully reacting in the oxidation reaction [61] and decreasing the conversion even 

further. This was confirmed by pressure buildups in reaction tubes when using Fe3O4 which 

increased with increasing ratios. This prevented performing the conditions of a H2O2/glycerol ratio 

of 4.2 as the increase in pressure was too high. Although the conversion was lower for all ratios it 

was not impacted as much from the difference in H2O2/glycerol ratio in this Fenton-like system. 

However, DHA selectivity was higher in all cases when Fe3O4 was used. DHA selectivity values 

of 69%, 57% and 51% were measured for ratios of 2.8, 1.4 and 1, and increased with increasing 

H2O2/glycerol ratio. This showed that the catalyst itself was a major determinant in the outcome 

of the reaction and that magnetite could positively favor the production of DHA. 

1% Ag doped magnetite was used for the glycerol oxidation using a H2O2/glycerol ratio of 

2.8 (figure 3.6c entries 8,9 of table 3.1) to investigate the impact of adding silver to the magnetite. 
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Two catalyst types were used: one doped using NaBH4 as the reducing agent and the second doped 

using green tea as the reducing agent. For both catalysts, the silver nanoparticles did not 

significantly enhance the reactivity of the catalyst to increase the glycerol conversion. Measured 

conversion were respectively of 7% and 13% compared to the 10% obtained for non-doped 

magnetite using the same operating conditions. Although both conversions are slightly different, 

this difference is within the error. However, the presence of silver did favor the selectivity towards 

DHA as both these catalysts showed the highest selectivity amongst all the tested conditions. DHA 

selectivity as high as 94% was achieved with the catalyst doped using NaBH4 and the catalyst 

doped using green tea resulted in a DHA selectivity of 88%.  

The catalyst loading was investigated next using a H2O2/glycerol ratio of 2.8 (entries 10,11 

of table 3.1) to see its impact and evaluate if it could increase the overall glycerol conversion of 

the process. The mass of catalyst used for the process was increased and decreased by a factor of 

10 thus 0.69 mg (0.23 g/L) and 69.0 mg (23 g/L) of catalyst were compared to the 6.9 mg (2.3 g/L) 

used in the other conditions. As seen in figure 3.6d, the overall conversion was not affected by the 

catalyst loading as the conversion was measured to be 11% when less catalyst was used and 10% 

when more catalyst was used compared to 10% when the standard concentration of catalyst was 

used. The selectivity, on the contrary, was significantly affected by the catalyst loading. Indeed, 

when a larger loading was used the selectivity completely shifted to favor the production of FA. 

The DHA selectivity for a 10x higher loading decreased to 25% whereas it increased to 88% when 

using a 10x lower loading. The absence of decrease in conversion is likely because when less 

catalyst was used, the reaction mixture was closer to being homogeneous which should favor the 

full reactivity of the catalyst. In the cases when the normal amount and a higher amount of catalyst 

were used, some particles did not remain in suspension which could limit their reactivity. 

Therefore, an excess of catalyst was used under normal conditions and most of it did not contribute 

to the reaction. Having the ability to use less catalyst contributes to minimising the environmental 

footprint of the process. 

The final catalyst tested was the magnetite obtained from the revalorisation process using a 

H2O2/glycerol ratio of 2.8 (entry 12 of table 3.1). It was compared to the coprecipitation magnetite 

and as seen in figure 3.6e the revalorisation magnetite led to both an increase in conversion and 

selectivity. It indicates that the revalorisation method yields magnetite with slightly different 
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features which enhance its reactivity, even if these features were not identified by XRD and TEM 

analysis.  

3.3.4. Photocatalytic glycerol oxidation in the absence of H2O2 

The photocatalytic activity of the Ag doped magnetite on its own was briefly evaluated under 

different reaction conditions and monitored by HPLC, to evaluate the possible activity of the 

catalyst. For this set of experiments, the reaction vessel was kept in a light box to ensure a constant 

degree of illumination during the reaction. Table 3.2 summarizes the reaction conditions 

investigated. The most standardized catalyst, coprecipitation magnetite doped using NaBH4, was 

used for this study to minimise the variability between experiments and optimise reaction 

conditions. The reactions were carried out for up to 20 hours at room temperature or otherwise 

stated in the absence of H2O2. 

 
Table 3.2. Reaction conditions in the photocatalytic glycerol oxidation 

Entry Catalyst pH 
Light intensity 

(Lux) 

Temperature 

(°C) 

1 1%Ag-Fe3O4-NaBH4 6 500 30 

2 1%Ag-Fe3O4-NaBH4 6 5000 30 

3 1%Ag-Fe3O4-NaBH4 6 15 000 30 

4 1%Ag-Fe3O4-NaBH4 2 5000 30 

5 1%Ag-Fe3O4-NaBH4 10 5000 30 

6 1%Ag-Fe3O4-NaBH4 6 5000 80 

 

The first parameter investigated was the impact of the light intensity. Entries 1-3 of table 3.2 

compared three different degrees of illumination: 500 lux, 5000 lux and 15 000 lux. From the 

HPLC chromatograms (see supplementary information), it was seen that a minimal light intensity 

of 5000 lux was required for the photocatalytic process to take place at a sufficient rate. Indeed, 

when 500 lux were used a peak indicative of a species produced appeared at a retention time of 

26.8 minutes after 3 hours of reaction. In the cases of 5000 lux and 15000 lux, the same compound 

was formed after a reaction time of only 2 hours and the intensity of the peak representing this 

product were similar and both significantly larger than entry 1. Although these conditions showed 
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that a 5000-lux illumination was proper for this reaction, further increase in the light intensity did 

not provide any additional benefit.  

 

The pH of the reaction mixture was then modified to compare an acidic environment with a 

pH of 2 (entry 4) and a basic environment with a pH of 10 (entry 5). In the acidic environment, no 

significant improvement was observed compared to the reference case (pH = 6) as the produced 

compound was observed with the same retention time of 26.8 minutes after 2 hours of reaction. 

There was however a substantial increase in the intensity of the peak associated with glycerol. The 

associated retention time of glycerol was also slightly longer than when no pH modification was 

performed at 7.4 minutes instead of the 6.8 minutes observed in other cases indicating a slight 

decrease in polarity. When the pH was adjusted to 10, glycerol eluded as a combination of three 

smaller peaks with the same retention time of 6.8 minutes. This could be from partial deprotonation 

of the glycerol as the pH of the reaction approached its theoretical pKa value of 14.4 [62]. The 

compound produced however still eluded with the same retention time of 26.8 minutes. In this 

case, it was observed after only one hour, which indicated that in a more basic environment the 

reaction kinetics were improved. The yield however did not increase as the area of the peak 

remained the same as when no modification of pH was performed. Finally, the last parameter 

investigated was the reaction temperature. An experiment was conducted with a temperature of 

80°C and no modification to the pH (entry 6). Increasing the temperature did not result in any 

increase in yield or significantly enhanced reaction rate as the product was observed after 2 hours 

and its area was not larger than that of the reference conditions. 

 

3.4. Conclusion 

Magnetite nano-catalysts were synthesized by two different methods: coprecipitation and a 

novel steel revalorisation process. Both methods yielded pure Fe3O4 with a nearly identical particle 

size distribution. TEM imaging showed that the revalorisation magnetite was made of larger 

nanoparticles of about 50 nm instead of the 25 nm particles observed in the co precipitation 

magnetite. Both supports were successfully doped to introduce silver nanoparticles using NaBH4 

and green tea as reducing agents. Ag nanoparticles were introduced to decrease the band gap of 

the catalyst to enhance their photocatalytic reactivity for the glycerol oxidation reaction under 

visible light. All Ag doped samples proved to have decreased band gaps from the Tauc 
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determination. Both catalysts doped using green tea had the smallest band gap likely from the 

presence of leftover aromatic compounds acting as dopants. Magnetite and Ag doped magnetite 

showed promising results in the non-photocatalytic Fenton-like oxidation of glycerol. Indeed, 

using this type of catalyst allowed to tune the selectivity of the reaction to favor the production of 

dihydroxyacetone which is the oxidation compound with the highest economical value. This could 

not be achieved with a traditional Fenton system. Ag doped magnetite using NaBH4 showed a 

selectivity as high as 94% in favor of DHA which is very promising as this partial oxidation is 

very challenging. However, the glycerol conversion remained low, in the range of 10% for all 

catalysts. Ongoing work is being conducted to address this limitation by investigating other metal 

nanoparticles and reaction conditions. An increase in conversion will likely lead to a decrease in 

selectivity due to formation on byproducts, therefore an optimum will need to be achieved. The 

Ag doped catalyst was also tested in a photocatalytic oxidation process. This preliminary study 

showed that the catalyst was active in this process, but a minimum light source of 5000 lux was 

necessary to activate the catalyst. The reaction kinetics also seemed to be favored by basic pH 

whereas an increase in temperature did not lead to any improvement in conversion.  
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Chapter 4. Conclusions 

4.1. Trace SO2 capture 

Sulfur dioxide emissions remain a challenge despite the successful implementation of flue 

gas desulfurizers. Adsorption is proposed to capture the leftover SO2 as even low concentrations 

in a gaseous stream can prevent its valorisation. This was achieved by depositing Fe3O4 

nanoparticles on two types of cellulose support: nanocrystalline and microcrystalline cellulose. 

The Fe3O4 nanoparticles were synthesized using green tea as a reducing agent. TGA was used to 

quantify the iron deposition on the cellulose support. SEM-EDS showed the presence of iron 

clusters when an excess of green tea was used or when no reducing agent was used. It was 

determined by XRD that when no reducing agent was used the chemical speciation of the iron was 

FeO(OH), whereas SAED showed that when green tea was used Fe3O4 nanoparticles were 

obtained. STEM imaging with EDS mapping showed that the deposition process was more 

efficient on the MCC than the NCC.  

The adsorbents were tested in breakthrough experiments at room temperature with a flowrate 

of 10 mL/min of 25 ppm SO2 in argon. Although this represents an ideal system, it was selected to 

fully control and thoroughly understand the impact of the adsorbents’ synthesis conditions on their 

affinity for SO2. Pristine NCC and MCC showed minimal adsorption, and no significant increase 

was observed when Fe3O4 nanoparticles were deposited on NCC. On the contrary, a drastic 

increase in adsorption capacity was observed when Fe3O4 nanoparticles were deposited on MCC 

by using a sub stoichiometric amount of green tea. Indeed, the adsorption capacity increased from 

3.8´10-4 mgSO2/gadsorbent for pristine MCC to 0.087 mgSO2/gadsorbent for the adsorbent containing 0.32 

wt% of iron. The deposition process in synthesizing the adsorbents proved to be long as a 

deposition time of 24 hours was insufficient to improve the adsorption and 72 hours was the 

optimum. The iron content in the adsorbent was directly related to the adsorbent’s affinity for SO2. 

As such, the adsorption capacities increased from 0.0174 mgSO2/gadsorbent to 0.3822 mgSO2/gadsorbent 

when the iron content increased from 0.16 wt% to 2.98 wt%. The amount of reducing agent used 

was also investigated as it dictated the chemical speciation of the iron. Indeed, when no reducing 

agent was used FeO(OH) was recovered in the adsorbent, when 0.04 equivalents were used Fe3O4 

nanoparticles were deposited and when 1 or 2 equivalents were used agglomerated Fe3O4 was 

deposited. This directly impacted the adsorption capacities with the Fe3O4 nanoparticles showing 
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the highest adsorption at 24.6 mgSO2/gFe compared to 12.0 mgSO2/gFe for FeO(OH) and 2.7 mgSO2/gFe 

for agglomerated Fe3O4.  

 

4.2. Glycerol revalorisation 

The increase in biodiesel production as an alternative to traditional fossil fuels has resulted 

in an overproduction of glycerol. This byproduct can be revalorised into valuable chemicals, such 

as dihydroxyacetone, from a partial oxidation. Fe3O4 nanoparticles were tested as a catalyst for 

this application due to their affordability, non-toxicity and potential to be used as a photocatalyst. 

Fe3O4 nanoparticles were produced from a coprecipitation reaction and by a steel revalorisation 

technique. Both methods yielded Fe3O4 as confirmed by XRD, while TEM imaging did show more 

agglomeration in the Fe3O4 obtained from the revalorisation method. Both supports could be doped 

with Ag nanoparticles using NaBH4 and green tea as reducing agent. Band gap measurements 

using UV-Vis spectroscopy and the Tauc method confirmed a decrease in band gaps for the doped 

catalysts. The glycerol oxidation reaction was performed using a traditional Fenton system and a 

Fenton-like system in which the catalyst was Fe3O4 and its derivatives. By using Fe3O4 based 

catalysts, the selectivity of the reaction completely changed, and DHA was formed preferentially 

over FA contrary to the Fenton system. The ratio of H2O2/glycerol of 2.8 led to the highest 

conversion of glycerol using Fe3O4. When revalorisation Fe3O4 was used, the glycerol conversion 

was 19% which was the highest conversion when using a Fe3O4 based catalyst. A DHA selectivity 

as high as 93% was observed for the reaction catalysed by the Ag doped Fe3O4 using NaBH4 as 

the reducing agent. A high DHA selectivity is desired as this compound has the highest economical 

value. Preliminary experiments in a photocatalytic system also showed that the Ag doped catalyst 

was active when exposed to sufficient light even without H2O2 in the reaction media. 

 

4.3. Future work 

Fe3O4 nanoparticles deposited on MCC have shown some good adsorption capacity for trace 

SO2 capture in the model gaseous stream containing 25 ppm SO2 in argon. Future work for this 

application should focus on performing other chemical modifications such as an oxidation of the 

cellulose support to evaluate if this increases it adsorption capacity. A more representative 

simulation of flue gas should also be tested for the adsorption as the adsorbents synthesized herein 
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show good affinity for SO2 in the model system. Indeed, SO2 with argon was used in this research, 

but this would not be the case in an end application where the adsorbent would be placed after flue 

gas desulfurizers. The adsorbent should be tested with a gaseous stream also containing CO2, O2 

and some degree of H2O to better represent its final application and determine whether SO2 

adsorption decreases, is maintained or improves under these conditions, Performing XPS analysis 

would also provide valuable information on the oxidation state of the Fe and the S before and after 

the adsorption. This could help understand the adsorption mechanism and determine the degree of 

chemisorption. 

As for the glycerol oxidation reaction, the initial future work should focus on increasing the 

glycerol conversion. This could be achieved by modifying other conditions in the Fenton-like 

system such as the temperature, the pH or decreasing even further the mass of catalyst used. A 

complementary analysis by HPLC of the Fenton-like reaction products would also support the 

conversion and selectivity measured by NMR. Of course, repeating the improved conditions by 

using revalorisation magnetite-based catalyst will need to be done. Finally, the transition towards 

a H2O2 free, photocatalytic system will need to be further investigated as this represents the optimal 

system to carry this reaction with the lowest environmental impact. 
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Appendices 

Supplementary information for chapter 2 

 

 
Figure 4.1. (a) SEM image of MCC modified with iron using no reducing agent, but with the same total 
volume as when using 2 equivalents and EDS spectra of (b) spot 1, (c) spot 2, (d) spot 3 and (e) spot 4 
identified on the image. 
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Figure 4.2.SAED images of Fe3O4 nanoparticles synthesized using green tea and their corresponding ring 
diameters compared to theoretical spacing of Fe3O4. Not all ring diameter measurements are presents on 
the images. 
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Figure 4.3. (a,b) HAADF images of NCC modified with iron-based nanoparticles and (c,d) localised EDS 
spectra performed on the particles appearing white on the images 
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Figure 4.4. TGA degradation curve of MCC modified with iron using no reducing agent, but with the same 
total volume as when using 2 equivalents 
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Supplementary information for chapter 3 

 
Figure 4.5. Diffuse reflectance spectroscopy of (a) coprecipitation Fe3O4 catalysts and (b) revalorisation 
catalysts 
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Figure 4.6. HPLC chromatograms of the photocatalytic oxidation of glycerol. Impact of the light intensity 
when (a) 500 lux, (b) 5000 lux and (c) 15 000 lux light sources are used. Effect of the pH when the reaction 
is carried with (d) pH = 2, (e) pH=6 and (f) pH=10. Effect of the temperature (g) when the reaction is carried 
out at 80°C 
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