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Résumé 

Les huiles et corps gras d’origines végétales ou animales ont récemment attisé un grand 

intérêt comme matériel de base dans les industries oléochimiques. Cette attention ne provient pas 

uniquement des raisons environnementales mais aussi de l’avantage économique de ces nouveaux 

produits. Les acides gras insaturés, composants principaux des lipides, peuvent être oxydés pour la 

production de mono- ou de di-acides carboxyliques ; ces derniers sont à la base d’une grande 

variété de matériaux dans de nombreuses industries. Ce procédé d’oxydation est nommé « clivage 

oxydatif », en effet, durant la réaction, une double liaison carbone-carbone est brisée. L’exemple 

le plus représentatif est l’acide azélaique, C9 contenant une double fonction acide carboxylique - 

un produit à haute valeur ajoutée qui est obtenu à partir de l’acide oléique. Actuellement, cette 

réaction, en industrie, est effectuée par ozonolyse, or, ces réactions ont récemment été 

classées comme risqué dû aux problèmes associés à l’utilisation d’ozone. Cependant, l’utilisation 

d’un oxydant plus doux requiert l’utilisation d’un catalyseur. Dans les travaux présentés, nous 

avons développé un catalyseur hétérogène innovant à partir d’oxydes de tungstène et de molybdène 

pour la coupure oxydante de l’acide oléique utilisant le peroxyde d’hydrogène comme oxydant. 

Afin de trouver un catalyseur performant, différents catalyseurs ont été préparés et testés, tels que 

des oxydes de tungstène mésoporeux, possédant une très grande surface spécifique supportés par 

de l’alumine gamma, des nanoparticules (NPs) de trioxyde de tungstène de structures différentes 

(hydraté ou anhydre), de peroxyde de tungstène, d’oxyde de molybdène, mais aussi d’amas de 

polyoxotungstates (POTs) sous forme de structure de Keggin. 

 Alors que l’utilisation de catalyseur homogène a été largement reportée pour cette réaction, 

les travaux effectués sur des catalyseurs hétérogènes sont moins rapportés. En effet, l’efficacité des 

catalyseurs solides est moindre compte tenu du plus faible nombre de sites actifs en contact avec 

la phase liquide et donc le substrat ; or pour les catalyseurs homogènes cette surface de contact 

est optimum. Pour s’affranchir de cet obstacle dans ces travaux, nous avons choisi d’utiliser des 

catalyseurs présentant des tensioactifs à partir de molécules organiques. Ces catalyseurs permettent 

d’augmenter les propriétés hydrophobes/hydrophiles de la surface de la nanoparticule, et aussi 

d’améliorer la compatibilité entre la surface du catalyseur solide, le substrat de la réaction - l’acide 

oléique - et l’oxydant en phase aqueuse. Pour remplir cet objectif, plusieurs cations d’amines 

quaternaire ont été utilisés dans la synthèse, tel que le l'hexadécyltriméthylammonium (CTA+), le 
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tétraméthylammonium (TMA+), le tétrapropylammonium (TPA+) et le tétrabutylammonium 

(TBA+). 

Nous avons développé une approche simple et écoresponsable pour la synthèse et le 

greffage de tensioactifs de nanoparticules d’oxyde de tungstène et de molybdène à partir de la 

dissolution oxydante de poudre micrométrique de tungstène et de molybdène métallique. Par la 

suite, avec quelques modifications dans l’approche ainsi que l’utilisation de sels d’amine 

quaternaire possédant une chaine alcane plus importante lors de la synthèse, nous avons réussi à 

mettre au point une nouvelle méthode de synthèse pour la préparation de POTs hybride, organique-

inorganique. En termes de réaction catalytique, c’est la première fois que l’utilisation de POT 

comme catalyseurs hétérogènes pour des réactions d’oxydation d’acides gras insaturés 

est rapportée. Le catalyseur synthétisé présente généralement une excellente activité, comparé aux 

autres catalyseurs hétérogènes rapportés. Une conversion complète de l’acide oléique initial avec 

un rendement maximum pour le diacide espéré (acide azélaique) de 80% a pu être atteint en 

optimisant la quantité d’amine quaternaire cationique à la surface du catalyseur. Grâce à la 

présence de molécules organiques comme tensioactifs, ce catalyseur efficace en solution aqueuse 

ne présente pas de lixiviation significative. De plus, il est facilement récupérable et peut être 

réutilisé sans perte d’activité significative jusqu’à quatre cycles. 

  



v 

 

Abstract 

Oils and fats of vegetable and animal origin have recently attracted a growing interest as 

renewable raw materials in oleochemical industries. This attention arises from not only the 

environmental reasons, but also economic ones. Unsaturated fatty acids (UFAs), as the constituent 

of lipids, can be oxidized to produce mono- and dicarboxylic acids which are applicably valuable 

materials in different industries. This oxidation process is so-called oxidative cleavage, since 

during the reaction carbon-carbon double bond(s) get cleaved. The most striking instance is 

production of azelaic acid, a valuable C9 diacid, from oleic acid (C18:1). Currently, this reaction 

is carried out in industry via ozonolysis, which, nowadays, has been converted to a controversial 

challenge due to the hazardous problems associated with use of ozone. Employing an eco-friendlier 

oxidant requires an active catalyst to be employed, as well. In this research, we have developed 

advanced heterogeneous catalysts based on tungsten and molybdenum oxides for oxidative 

cleavage of oleic acid with hydrogen peroxide as oxidant. To find a highly efficient catalyst, 

different catalysts were prepared and tried including high surface area mesoporous tungsten oxide 

supported on γ-alumina, nanoparticles (NPs) of different structures of tungsten trioxide (hydrated 

and anhydrous), tungsten peroxide, and molybdenum oxide, as well as Keggin clusters of 

polyoxotungstates (POTs). 

While employing homogeneous catalysts in this reaction has been widely reported, the 

works on the heterogeneous catalysts are very rare, most probably due to the poor reactant/solid 

catalyst contact in liquid-phase reactions of lipids resulting in much lower catalytic efficiency of 

solid catalysts compared to the homogeneous ones. To tackle this obstacle in this research, we 

leveraged the strategy of organo-functionalization of the solid catalyst’s surface, to not only tune 

the hydrophobicity/hydrophilicity properties of the surface, but also improve the compatibility of 

the solid catalysts with the organic substrate, oleic acid, and the aqueous oxidant. For this purpose, 

different quaternary ammonium cations were employed in the synthesis including 

cetyltrimethylammonium (CTA+), tetramethylammonium (TMA+), tetrapropylammonium (TPA+), 

and tetrabutylammonium (TBA+). 

We have developed a green and straightforward approach for the synthesis and organo-

functionalization of tungsten and molybdenum oxide NPs based on oxidative dissolution of 

micrometer-scale bare W and Mo powders. Interestingly, with some slight modifications in this 
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approach and using larger quaternary ammonium salts in the synthesis we have succeeded to 

present a novel synthesis method for preparation of hybrid organic-inorganic POTs. In terms of 

catalytic reaction, application of heterogeneous POT catalysts in oxidation of UFAs has been 

reported for the first time in this work. The synthesized catalysts, generally, exhibited excellent 

activity compared to the reported heterogeneous ones. Full conversion of the initial oleic acid, with 

the highest yield of production of the desired diacid (azelaic acid) ~80 %, was achieved by 

optimization of the amount of the quaternary ammonium cation on the catalyst’s surface. Thanks 

to the organo-functionalization, these water-tolerant catalysts exhibited no significant leaching, as 

well as convenient recovery and steady reuse without noticeable decrease in activity, at least up to 

four cycles. 
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Chapter 1. Introduction 

 

 

 

 

 

 

 

 

In this chapter, seminal concepts of the oleochemical science and oxidative cleavage of oleic 

acid are quite succinctly presented to bring up the problem statement, and then, the scope and 

organization of the thesis are elucidated.   
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1.1 Problem statement 

Nowadays, sustainable development in the field of chemistry has propelled the industry 

to utilize renewable raw materials, which exploit the synthetic capabilities of nature, instead of 

petroleum materials. Among all feedstock materials, oils and fats of vegetable and animal 

origins have attracted considerable attention over the past decades. This attention arises from 

not only the environmental reasons, but also economic ones. Unsaturated fatty acids (UFAs) 

with long hydrocarbon chain, which are the constituent of lipids molecules, have several 

functional sites for chemical modifications in their structures. Accordingly, a variety of 

products with different properties can be obtained from the reactions of oils and fats. 

In polymer industry, dicarboxylic acids are precious materials to make building blocks 

for polymers. These acids can be produced from UFAs via oxidation process. At present, 

azelaic acid (C9, dicarboxylic acid) as a very industrially important chemical is produced in 

large scale via ozonolysis of oleic acid (C18:1, the most widely distributed and abundant UFA). 

Pelargonic acid (C9, monocarboxylic acid) is obtained as a co-product but also a valuable 

chemical [1]. These types of saturated acids that have short and odd hydrocarbon chains are 

rare in natural resources [2]. On the other hand, they are very attractive initial materials for the 

development of numerous bio-based products [3,4]. For instance, azelaic acid converts into 

different esters for the preparation of polymers (Nylon 6:9), plasticizers, adhesives, solvents, 

biodegradable lubricants, corrosion inhibitors, and anti-acneic agent for cosmetics [2,3]. 

Pelargonic acid is an intermediate in the production of lubricants, plasticizers, perfumes, 

herbicides, fungicides, resins [3,5]. 

A variety of non-eco-friendly problems associated with use of ozone, however, is not 

in line with the principles of sustainable chemistry, and therefore, developing an industrial 

alternative to the hazardous ozonolysis of oleic acid would be a great breakthrough in industry. 

This alternative process requires a highly efficient catalyst/oxidant system. Combination of 

hydrogen peroxide with transition metal compounds would be a promising candidate, since 

such systems have shown high oxidizing ability, particularly in homogeneous form in lab scale. 

Large scale applications of the homogeneous catalysts, however, have been always a 

controversial challenge to the industry, due to the lack of recyclability. On the other hand, 

catalytic activity of the heterogeneous catalysts, with high recyclability, in liquid phase 

reactions of lipids, roughly speaking, is not comparable to that of homogeneous ones, which 
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has been often ascribed to the poor reactant/catalyst contact. To address this matter, this 

research project was planned about five years ago. 

 

1.2 Scope of the research 

The primary goal of this research project is to propose a new alternative process for the 

hazardous ozonolysis of UFAs via developing a highly efficient catalyst for the liquid phase 

oxidative cleavage of oleic acid with hydrogen peroxide. Use of the green and safe H2O2 as 

oxidant produces only water as a waste product. Given the outlook of this research toward the 

large-scale applications and based on what the industrial partner of the project, Oleotek Inc., 

desired, the economic aspects of the process were highly considered. In doing so, our interest 

was focused on development of a catalysts that possesses efficient and facile recyclability as 

well as low-cost preparation, in addition to the excellent activity. Therefore, we have tried a 

variety of synthetic approaches with different precursors, but we ignored those approaches and 

materials that not only were costly, but also, held often the lab-scale fascination. In this thesis, 

we have tried to present our most important findings with the utmost conciseness consistent 

with clarity. Since the subject and field of this research were completely new in our group, we 

have pioneered a number of methodologies, particularly regarding the analysis of fatty acids 

with GC-MS. Such seminal works, along with designing the equipment and experimental setup, 

although were laborious, have not been reported in this thesis. Otherwise, the thesis would be 

too lengthy and tedious for the readership.   

In order to follow a systematic research path for this PhD project, first, all the reported 

works in literature on different catalyst/oxidant systems for oxidation of UFAs and their 

derivatives were reviewed. This comprehensive study not only elucidated the plan of our 

further works, but also resulted in publishing a review paper. We found that among all the used 

transition metals as catalytic core in such reactions (Os, Co, Ru, Cr, Au, Mn, Fe, Mo, and W), 

tungsten has attracted a great deal of attention. Homogeneous tungsten-based catalysts have 

exhibited high potentials in oxidation of UFAs, however with generally low recovery 

efficiency. Then, our focus was placed, chiefly, on tungsten-based heterogeneous catalysts. 

Additionally, molybdenum as a metal inherently close to tungsten, which has occasionally 

shown even better catalytic activity, was our secondary interest. 
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In order to overcome the reported drawbacks of conventional solid catalysts in the 

reactions of oils and fats (e.g. low catalyst/reactant contact and pore diffusion limitations), we 

examine different strategies in the following chapters including: 

- Increasing the catalyst’s surface area via incorporation of the active sites in a 

mesostructured support to reach a higher dimensionality of the interaction between 

the organic reactant and the catalyst’s surface (Chapter 4). 

- Preparation of nanocatalysts to increase the dispersion of the solid catalysts in the 

reaction medium (Chapters 4, 5, and 7) 

- Exploiting organo-functionalization of the solid catalyst’s surface with different 

organic moieties, to enhance the compatibility of the hybrid organic-inorganic 

catalyst in the reaction (Chapters 5, 6, and 7). 

- Employing the fascinating solid acid catalyst, polyoxotungstates, which their lack 

in the reported works on oxidation of UFAs is curious (Chapter 6). 

- Evaluation of molybdenum oxide catalysts in the reaction (Chapter 7) 

 

1.3 Organization of the thesis 

This short introduction chapter is followed by Chapter 2, which contains our theoretical 

studies on the subject. In this chapter, first the fundamentals of oils and fats as renewable raw 

materials and their applications in oleochemical industries, with an emphasis on the target 

application, are presented (section 2.1). Then, the basic concepts and seminal studies of UFAs 

and their reactions, which have been widely reviewed [6-9], with an emphasis on oxidation 

will be shortly summarized (section 2.2) in order to approach to the main topic. The recent 

works regarding use of different catalyst/oxidant systems in the oxidative cleavage of UFAs 

and their derivatives will be then discussed (section 2.3). Herein, we divided the reported 

catalytic systems into three classes: homogenous, heterogeneous, and semi-heterogeneous 

(NP-based) catalysts. Important features such as catalytic activity and recoverability with 

specific respect to commercializing viewpoint are discussed in a critical fashion for each class 

to be able to reasonably plan future works. The unique and interesting properties of NPs 

propose them as the frontier of homogeneous and heterogeneous catalysts that can 
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simultaneously exploit the best features of both. These properties along with the recent 

breakthroughs which would interestingly increase the performance of NP-based catalysts in the 

biphasic oxidative cleavage reaction of UFAs, are also reviewed. Finally, in section 2.4, we 

thoroughly discuss heterogeneous catalysis by tungsten-based polyoxometalates, after brief 

introductions on (i) the interesting inherent properties of tungsten (section 2.4.1), and (ii) the 

fundamentals of POMs (section 2.4.2). We have tried to review all the recent works on solid 

polyoxotungstate catalysts and their applications in liquid phase organic reactions. We have 

divided the reported works into four groups, based on the heterogenization strategy that they 

used to solidify the inherently homogeneous POTs (sections 2.4.3.1-4). Also, the target organic 

reaction, although it includes a variety of reactions, has been classified into two major classes, 

oxidation reaction and acid catalysis reactions, to gain a better outcome. 

In Chapter 3, the characterization techniques employed throughout our works are 

explained (section 3.1), however with the utmost conciseness, since details of these methods 

are not only beyond the scope of this thesis, but also available in many books. We have 

succinctly reviewed the fundamentals of each method along with bolding the information that 

we acquired from them. Then, we will explain, in details, the quantitative analysis of the 

reaction products with GC-MS, along with the sample preparation prior to injection and 

calculation procedure of the reaction efficiency (section 3.2). 

In Chapter 4, we report a solvothermal synthesis method for preparation of high surface 

area mesoporous WO3 supported on γ-alumina with narrow particle size distribution using 

glucose as template. This chapter chiefly concentrates on increasing the catalyst surface area 

via incorporation of the active sites in the mesostructured support, followed by examination of 

this increase in the catalytic activity of the prepared catalysts by changing the ratio of 

WO3/Al2O3. 

In Chapter 5, we present syntheses of different structures of tungsten oxide like 

[(WO2)O2.H2O], WO3, WO3.0.33H2O, and WO3.H2O via a straightforward and green method 

based on oxidative dissolution of bare W powder in H2O2. Moreover, organo-functionalization 

of the nanocatalysts surfaces by CTAB is reported. The key features of this approach are using 

cheap W powder as precursor, avoiding use of time- and energy-consuming operations in the 

synthetic procedure such as thermal treatment in autoclave and purification, as well as avoiding 

use of organic solvents, metal salts, and/or coordination compounds. Optimization of the 

organic moiety amount on the surface of catalyst is, also, discussed. 
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In chapter 6, we introduce a novel, one-pot, and green synthesis method, complying 

with the principles of “Chimie Douce”, for preparation of hybrid organic-inorganic POTs, 

starting with tungsten powder as precursor, by contrast to the prior methods that often use 

phosphotungstic or tungstic acid. Two novel hybrid organic-inorganic Keggin compounds are 

introduced in this chapter: TPAx[H8-xW12O40]∙nH2O and TBAx[H8-xW12O40]∙nH2O (TPA: 

tetrapropylammonium and TBA: tetrabutylammonium). Furthermore, a pioneer application for 

solid POT catalysts in the oxidative cleavage of oleic acid is reported in this chapter. 

Chapter 7, includes the results of our works on molybdenum oxide catalysts, 

synthesized via almost the same synthesis approach as Chapter 5.  Organo-functionalization by 

two quaternary ammonium cations with different lengths, CTAB and TMA 

(tetramethylammonium), and effects of concentration of these organic surfactants on 

physicochemical properties and catalytic activities of the products are also reported. 

In Chapter 8, we highlight the major conclusions derived from the works in this 

research. Suggestions to foster the future works are also succinctly presented. 
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Chapter 2. Chemically catalyzed oxidative cleavage of 

unsaturated fatty acids and their derivatives 

 

 

 

 

 

 

 

 

 

 

This chapter provides an introduction to the field of oleochemical science. The recent works 

regarding use of different catalysts in oxidative cleavage of unsaturated fatty acids and their 

derivatives are reviewed. Furthermore, tungsten-based heteropoly compounds and their 

applications in organic liquid reactions are discussed. 

  



8 

 

2.1 Oils and fats as renewable raw materials 

Facing with the warning “sorry, out of gas” in near future is one of the most concerning 

challenges in all around the world nowadays. During the last decades, fossil feedstock derived 

from oil and gas has always been the most important raw materials for the chemical industry, 

accounting for more than 90%. Even with this enormous amount, chemical industries have 

occupied the third position as the user of oil and gas feedstock, after energy generation and 

transportation [10]. Understandably, the shortage in the petroleum reservoirs in the near future 

is a worldwide crisis which can be confirmed by Figure 2.1 [11]. It shows the oil and gas 

production profiles in the past and future for the whole earth which was published in an ASPO1 

Newsletter in 2009. As can be seen, starting from 2010, a downward trend is obvious in the oil 

and gas production. 

 

Figure 2.1. Production profiles of oil and gas 2010 base case (Gboe: gigabarrels of oil equivalent) [11] 

In addition, global concerns for environmental pollutions associated with petroleum 

materials have propelled the attention of researchers to the renewable raw materials. Among 

feedstock from renewable resources, oils and fats of vegetable and animal origin could become 

one of the major players in the chemical industry in near future, due to not only the economic 

reasons, but also environmental ones [8,12]. Oils and fats have chemical structures giving them 

a potential for the industrial development in the field of feedstock materials [13]. On one hand, 

their structures are similar to petroleum materials with long hydrocarbon chains. On the other 

hand, they include several functional sites for chemical modifications. Moreover, they are 

abundant in nature, biodegradable, and have nontoxic properties that make them promising 

candidates for replacing petrochemical materials. 

                                                 
1 The association for the study of peak oil and gas 
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2.1.1 Globalization of oils and fats 

Oils and fats differ in the state of material; oils are often liquid at ambient temperature, 

but fats are solid. They are derived from vegetable origins such as palm, soybean, rapeseed 

(canola), sunflower seed (so-called four major vegetable oils), palm kernel, coconut and olive, 

or animal origins such as butter, lard, tallow, and fish oil. There is no widely-accepted 

definition for lipid, but the one which is presented by AOCS2 would be the best [14]: “Lipids 

are fatty acids and their derivatives, and substances related biosynthetically or functionally to 

these compounds.” 

Nowadays, extraction of oils and fats from bio-based materials is being rapidly 

globalized. Oilseeds are obtained in all over the world, under all sorts of climates, in both 

northern and southern hemispheres and from a variety of plants. In the recent 30 years, 

production of oilseeds has dramatically increased (see Figure 2.2). Rising from about 190 

million tons in 1985 to more than 453 million tons in 2011 shows a 136% increase in the 

production of the major 10 oilseeds (soybeans, cotton seed, rapeseed, sunflower seed, 

groundnuts (shelled), sesame seed, palm kernels, copra, linseed and castor seed) in a period of 

26 years. It makes more sense when compared with the “grains” (wheat, coarse grains and rice) 

with only 34% increase in production in the same period. In addition, the area of harvest of 

oilseeds rose from 160 million hectares to 260 million hectares during the same period, which 

in turn confirms the increase in productivity from 1.19 tons/hectare in 1985 to 1.74 tons/hectare 

in 2011 [15].  

 

Figure 2.2. World area and production of the major 10 oilseeds (soybeans, cotton seed, rapeseed, sunflower 

seed, groundnuts (shelled), sesame seed, palm kernels, copra, linseed and castor seed) [15]. 

                                                 
2 The American oil chemists’ society 
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From the total production of about 450 million tons in 2011, more than 57% of all 

oilseeds were produced in the Americas continent, as Figure 2.3 shows [15]. However, Figure 

2.4 indicates that in terms of consumption, Asia continent had a higher rank than Americas 

[15]. In addition, despite the fact that overall world consumption had about 99% growth in the 

period of 1996 to 2012, the portion of the Americas continent decreased from 22.8% to 19.5%. 

One reason would refer to the use of oils and fats as human foods and higher populations 

increase rate in Asia, because the majority of yearly produced oils and fats are, these days, used 

in food industries [6]. 

 

Figure 2.3. World production of oilseeds by main regions (Year 2011) [15]. 

 

Figure 2.4. Consumption of vegetable oils by major countries (MnT) (year 2011/12 vs. 1996/97) [15]. 

Presenting some statistical data about the different industrial users of oils and fats in 

the world, would give a better outlook. In addition to the food industry, oils and fats are used 

as the basis of the oleochemical industry, as well as a very small portion for animal feeds. 

Interestingly, a significant growth in the portion of non-food uses is obvious in the data 

presented in Table 2.1 [16].  It shows the distribution of nine major vegetable oils (coconut, 

cottonseed, olive, palm, palm kernel, peanut, rapeseed, soybean, and sunflower) between non-
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food and food use over the last recent years. Since the year 1999 to 2012, the non-food portion 

has increased from 10.5 to 23.9%. This increase is particularly remarkable from 2003/04 

onwards. 

Table 2.1. Food and non-food consumptions (million tons and %) of nine major vegetable oils between 1999/00 

and 2011/12 [16]. 

 TOTAL FOOD NON-FOOD NON-FOOD % 

1999/00 82.9 74.2 8.7 10.5 

2000/01 88.8 78.6 10.2 11.5 

2001/02 91.1 80.2 10.9 12.0 

2002/03 95.1 82.9 12.2 12.8 

2003/04 100.7 86.9 13.8 13.7 

2004/05 108.2 91.5 16.7 15.4 

2005/06 114.7 94.2 20.5 17.9 

2006/07 119.4 95.9 23.5 19.7 

2007/08 125.1 98.8 26.3 21.0 

2008/09 129.7 101.4 28.3 21.8 

2009/10 137.8 106.4 31.4 22.8 

2010/11 144.6 110.9 33.7 23.3 

2011/12 150.0 114.2 35.8 23.9 

 

According to what was mentioned above, it can be concluded that a significant growth 

in the production of oils and fats in the recent years is clear in all around the world. One reason 

would be the human food use of oils and fats and growing populations of the world. Data in 

Table 2.1, however, confirms the increasing rate of non-food use of oils and fats in the world, 

in particular during the last decade. This makes it highly desirable to conduct extensive 

researches in this field in the region of the Americas continent. 

2.1.2 Oleochemical industries 

Oleochemical industries are those which exploit oils and fats to produce valuable 

materials. They are being rapidly developed as a result of the rapid globalization of such 

feedstock. In order to use oils and fats in the advanced chemical industries, it is necessary to 

split them into the so-called oleochemical base materials [17]. The lipids are made from 

triglyceride, which, in turn, consists of glycerine and three fatty acids (Figure 2.5) [7]. The 

triglycerides which form animal fats, typically have more saturated fatty acids while those 

triglycerides constitute vegetable oils, have more unsaturated fatty acids [18] (for more 

information about saturated and unsaturated fatty acids see section 2.2.1). 
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Figure 2.5. Typical example of a lipid structure with glycerol and three fatty acids (palmitic acid, oleic acid, and 

alpha-linolenic acid, from top to bottom) [7]. 

Decomposition of the triglycerides results in the release of oleochemical base materials 

which are shown in Figure 2.6. They mainly include fatty acids (ca. 52%), fatty acid methyl 

esters (ca. 11%), fatty amines (ca. 9%), and fatty alcohols (ca. 25%) [6] [19]. 

 

Figure 2.6. Oleochemical base materials as starting materials for chemical industries: oleic acid (1a), linoleic 

acid (2a), linolenic acid (3a), erucic acid (4a), ricinoleic acid (5a), petroselinic acid (6a), 5-eicosenoic acid (7a), 

calendic acid (8a), α-eleostear acid (9a), punicic acid (10a), santalbic acid (11a), vernolic acid (12a), 10-

undecenoic acid (13a), and the respective methyl esters (1b-13b) and alcohols (1c-13c) [20]. 

The oleochemical base materials have a variety of chemical applications that is scarcely 

less than that of petrochemicals [6,17]. Table 2.2 summarizes these applications. Polymer is 

one of the most important industries which can exploit lipids and convert them into valuable 

products. Next section will be detailed on this. 



13 

 

 

Table 2.2. Summary of the applications of basic oleochemicals. 

Oleochemical base materials Applications 

Fatty acids and derivatives (52 %) 

Plastics; metal soaps; washing and cleaning agents; 

soaps; alkyd resins; dyestuffs; textile, leather and 

paper industries; rubbers; lubricants 

Fatty acid methyl esters (11 %) 

Cosmetics; toothpastes; pharmaceuticals; foodstuffs; 

lacquers; plastics; synthetic resins; tobacco; 

explosives; cellulose processing 

Fatty alcohols and derivatives (25 %) 
Washing and cleaning agents; cosmetics; textile, 

leather and paper industries; mineral oil additives 

Fatty amines and derivatives (9 %) 
Fabric conditioners; mining; road-making; biocides; 

textile and fiber industries; mineral oil additives 

Neutral oils and derivatives Lacquers; dyestuffs; varnishes; linoleum, soaps 

 

2.1.2.1 Polymer industry 

Oils and fats have been employed in polymer industry for many years, either in the 

form of triglycerides or oleochemical base materials. The main applications are categorized in 

three groups in Table 2.3 including polymer materials (linseed oil and soybean oil as drying 

oils), polymer additives (epoxidized soybean oil as plasticizer), and building blocks for 

polymer (dicarboxylic acids for polyesters or polyamides) [9]. Such applications are currently 

undergoing rapid development to extend scope of the specialty and commodity products. One 

of the most important applications is preparing building blocks for polymers. Long-chain 

dicarboxylic acids required for this purpose, are the major product of complete oxidation of 

unsaturated fatty acids. There are numerous reactions in which unsaturated fatty acids could be 

involved and form a variety of products (more information in section 2.2.2). In these reactions, 

carboxylic groups or the carbon-carbon double bonds of unsaturated fatty acids can take part. 

The oxidation of unsaturated fatty acids includes partial or complete cleavage of the carbon-

carbon double bond(s). The latter results in obtaining mono- and dicarboxylic acids. 

2.1.2.1.1 Long-chain dicarboxylic acids 

Dicarboxylic acids, HOOC(CH2)nCOOH (n represents the number of methylene 

groups and their derivatives, see Figure 2.7), are industrially important chemicals due to their 

potential in the production of various intermediates [21]. As mentioned in Table 2.3, long-chain 

dicarboxylic acids are used as polymer intermediates in polyamides, polyesters, and alkyd 
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resins. One of the most striking polymers obtained from dicarboxylic acids is nylon 1313 

(produced from brassylic acid) which interestingly shows enhanced properties in comparison 

with common nylons (a lower melting point, lower density, and more hydrophobicity than 

nylon-11 and nylon-12) [22]. Furthermore, the esters of dicarboxylic acids are used as 

lubricants and hydraulic fluids over a wide temperature range [21], as well as plasticizers for 

polyvinyl chloride [21,20]. 

 

Figure 2.7. A dicarboxylic acid with two carboxyl groups as a valuable chemical in the polymer industry. 

Dicarboxylic acids are produced from petrochemical feedstock (e.g., production of 

adipic acid from the multistage butadiene oxidation [23]). Also, ring-opening oxidation of 

cyclic compounds is another route to produce these chemicals [1]. Biotechnology techniques 

have been also developed for this purpose [24]. Until recently, the production of only two of 

these dicarboxylic acids from oleochemical base materials has been commercialized, including 

sebacic acid which is obtained by alkaline cleavage of castor oil [1] and azelaic acid which is 

produced from oxidation of oleic acid through ozonolysis [25]. Surprisingly, these 

oleochemically derived dicarboxylic acids can simplify condensation of the polymers, as a 

result of their special properties such as high impact strength, hydrolytic stability, 

hydrophobicity, lower glass transition temperatures, and flexibility [26,9]. 

Table 2.3. Examples of applications of oils and fats in polymer industry [9]. 

Raw materials 

(oleochemical base or triglycerides) 
Product Application Category 

Castor and soybean oils 

Linseed oil 

Polymerized castor and 

soybean oils 

Polymerized linseed oil 

Drying oils 

Linoleum  

Polymer 

materials 

Soybean oil 

Rapeseed oil 

Stearic acid 

Epoxides 

Fatty acid esters and amides 

Soaps 

Stabilizers and plasticizers 

Lubricants, Stabilizers  

Polymer 

additives 

Castor, soybean, sunflower, linseed, 

and tall oils and oleic acid 

Dicarboxylic acids and 

ether/ester polyols 

Polyamides, polyesters, alkyd 

resins, and polyurethanes 

Building 

blocks for 

polymers 
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2.2 Fatty acids and their reactions 

2.2.1 Fatty acids: a primer 

As mentioned earlier, the constituents of lipids are fatty acids. A general definition of 

fatty acids is a carboxylic acid with a long hydrocarbon chain, which consists of two parts: 

hydrophilic carboxyl group and hydrophobic alkane chain (Figure 2.8). 

 

Figure 2.8. Fatty acids structure. 

In the most generic classification, fatty acids are divided into saturated (without carbon-

carbon double bond) and unsaturated (with carbon-carbon double bond(s)) types. UFAs can, 

in turn, be categorized in mono-unsaturated (with one double bond) and poly-unsaturated (with 

more than one double bonds). The two carbon atoms just near the double bond can occur 

in cis or trans configurations. However, most of naturally UFAs have cis configuration [27].  

The common UFAs derived from vegetable oils, have 16 to 18 carbons in their 

hydrocarbon chain with up to three double bonds. Animal fats, in addition to these UFAs, 

contain other even carbon numbered fatty acids, such as C20 and C22, and up to six double bonds 

(in fish oils) [14]. Table 2.4 shows the common fatty acids extracted from animal and plant 

origins with their structures and different nomenclature systems [14,28]. In nature, the most 

abundant saturated fatty acid is palmitic acid (C16) and the most abundant monounsaturated 

fatty acid is oleic acid (C18) [29]. The C18 polyunsaturated fatty acids like linoleic or cis-9, cis-

12-octadecadienoic acid (18:2(n-6)) and α-linolenic or cis-9, cis-12, cis-15-octadecatrienoic 

acid (18:3(n-3)), are also of the main components of most plant lipids, including many of the 

commercially important vegetable oils. The structures of these C18 unsaturated fatty acids are 

shown in Figure 2.9. 
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Table 2.4. Common fatty acids of animal and plant origins; structures and nomenclature systems [28,4]. 

Systematic name Common name Chemical structure Shorthand 

Saturated fatty acids 

Ethanoic Acetic CH3COOH 2:0 

Butanoic Butyric CH3(CH2)2COOH 4:0 

Hexanoic Caproic CH3(CH2)4COOH 6:0 

Octanoic Caprylic CH3(CH2)6COOH 8:0 

Decanoic Capric CH3(CH2)8COOH 10:0 

Dodecanoic Lauric CH3(CH2)10COOH 12:0 

Tetradecanoic Myristic CH3(CH2)12COOH 14:0 

Hexadecanoic Palmitic CH3(CH2)14COOH 16:0 

Octadecanoic Stearic CH3(CH2)16COOH 18:0 

Eicosanoic Arachidic CH3(CH2)18COOH 20:0 

Docosanoic behenic CH3(CH2)20COOH 22:0 

Monounsaturated fatty acids 

cis-9-hexadecenoic Palmitoleic CH3(CH2)5CH=CH(CH2)7COOH 16:1(n-7) 

cis-6-octadecenoic Petroselinic CH3(CH2)10CH=CH(CH2)4COOH 18:1(n-12) 

cis-9-octadecenoic Oleic CH3(CH2)7CH=CH(CH2)7COOH 18:1(n-9) 

cis-11-octadecenoic cis-vaccenic CH3(CH2)5CH=CH(CH2)9COOH 18:1(n-7) 

cis-13-docosenoic Erucic CH3(CH2)7CH=CH(CH2)11COOH 22:1(n-9) 

cis-15-tetracosenoic Nervonic CH3(CH2)7CH=CH(CH2)13COOH 24:1(n-9) 

Polyunsaturated fatty acids 

9,12-octadecadienoic linoleic CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH 18:2(n-6) 

9,12,15-octadecatrienoic α-linolenic CH3CH2CH=CHCH2CH=CHCH2CH=CH(CH2)7COOH 18:3(n-3) 

6,9,12-octadecatrienoic γ-linolenic CH3(CH2)4CH=CHCH2CH=CHCH2CH=CH (CH2)4COOH 18:3(n-6) 

5,8,11,14-eicosatetraenoic arachidonic CH3(CH2)4CH=CHCH2CH=CHCH2CH=CHCH2CH=CH(CH2)3COOH 20:4(n-6) 

5,8,11,14,17-eicosapentaenoic EPA CH3CH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CH(CH2)3COOH 20:5(n-3) 

4,7,10,13,16,19-docosahexaenoic DHA CH3CH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CHCH2CH=CH(CH2)2COOH 22:6(n-3) 
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Figure 2.9. Different C18 mono and poly-UFAs. 

Presence of the rigid double bond(s) in cis-unsaturated fatty acids causes the chain to bend. 

The increase in such double bonds decreases the flexibility of the chain and results in more curved 

shape of the chain. As can be seen in Figure 2.10, oleic acid with one double bond, has a “kink” in 

it, whereas the curvatures in linoleic acid, with two double bonds, and α-linolenic acid, with three 

double bonds, are more intense [30]. The direct result is that the presence of cis bonds prevents 

tight packing of fatty acids in the molecules of triglycerides, and therefore the lipids formed by 

such acids, usually have liquid state at ambient temperature (so-called oils). By contrast, saturated 

fatty acids can tightly attach to form a solid-state lipid (so-called fats) (see Figure 2.11). 

 

Figure 2.10. 3-D models of different fatty acid types. Arachidic, stearic, and palmitic acids are saturated. Erucic and 

oleic acids are monounsaturated, and linolenic, linoleic and arachidonic are polyunsaturated fatty acids [30]. 

2.2.1.1 Oleic acid 

The most abundant mono-UFA in nature is oleic acid (C18) [29], which exists in 

various vegetable and animal oils and fats. Its systematic name is cis-9-octadecenoic acid with 

shorthand form 18:1 (n-9) that shows it has 18 carbon atoms with one carbon-carbon double bond 

on the ninth carbon atom (chemical formula CH3(CH2)7CH=CH(CH2)7COOH) [31]. Oleic acid, 
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like other fatty acids, mainly emerges in the form of triglycerides, and these oleic acid containing 

triglycerides constitute the majority of olive oils [32]. That is why it has been called "oleic" which 

means come from oil or olive. It is worth pointing out that these triglycerides are also available in 

relatively large amounts in pecan, peanut, macadamia, sunflower, grape seed, sea buckthorn, 

sesame, wild apricot seed, rapeseed, and poppyseed oils [33-35]. In addition, they are abundantly 

present in many animal fats such as chicken and turkey fat and lard [36]. 

Currently, although oleic acid has a variety of industrial applications like, as a component 

of human diet (in triglyceride form), major component of soaps (in sodium salt form), and in 

pharmaceuticals [31], the most important one is production of dicarboxylic acids via ozonolysis 

[25], which will be discussed further in section 2.2.2.1.2. 

 

Figure 2.11. Effect of C=C in the packing of saturated and unsaturated fatty acids. 

2.2.2 Reactions of unsaturated fatty acids 

According to what was explained in the previous section, there are various functional sites 

in the structure of fatty acids. The differences between the length of aliphatic chain, geometry of 

the molecule (cis or trans configurations) and the number and position of C-C double bond(s), play 

a crucial role in biological processes, and consequently, lead to the possibility for variety of 

products even more than petrochemistry products [7].  

(a) Hard fat (saturated): Fatty acids with single 

bonds between all carbon pairs 

(b) Oil (unsaturated): Fatty acids that 

contain double bonds between one 

or more pairs of carbon atoms 
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The reactive sites in the structure of a fatty acid can be categorized in two parts; the double 

bond(s) in the chain and the acidic group. The majority of industrial reactions is carried out at the 

carboxylic group (>90%, in 2000), while remarkably very few industrial reactions (less than 10% 

in 2000) are involved in the hydrocarbon chain in oleochemical industries [9,7]. However, because 

of wider range of obtainable products from the latter, progress in such reactions is highly-demanded 

[7]. At present, converting natural oils into nonedible products is limited, mainly because of 

economic reasons; the production costs of oleochemical processes cannot compete effectively with 

mature petrochemical industries [37]. To address this problem and improve the economic aspects, 

optimization of reaction conditions and, also, employing efficient catalysts are called for. Oxidation 

of UFAs is one of the reactions that targets C-C double bond(s) which will be explained in the 

following section. Other reactions of fatty acids such as hydrogenation or hardening, metathesis, 

C-H bond activation, hydroxylation, pericyclic, radical additions, and Lewis acid induced cationic 

addition have been nicely and widely reviewed in the literature [7,29,6]. 

2.2.2.1 Oxidation 

From the industrial point of view, oxidation of UFAs possesses a great importance, since it 

has shown considerable potentials in the production of invaluable materials. Dicarboxylic acids, as 

mentioned earlier, are a striking example of such products, on which, this research focuses. Herein, 

two main oxidation pathways of UFAs are discussed. 

2.2.2.1.1 Epoxidation 

The carbon-carbon double bonds in oils and fats of vegetable and animals can be 

functionalized via epoxidation and, consequently, produce epoxidized oils and fats which contain 

epoxide groups or oxirane rings [38]. The term epoxide can be defined as a cyclic ether which has 

three ring atoms (Figure 2.12) and the general process for the synthesis of the epoxide groups is 

known as epoxidation reaction. Epoxides can be prepared from hydroperoxides, hydrogen 

peroxide, or molecular oxygen in the presence of different catalysts [39]. 

 

Figure 2.12. A generic epoxide. 
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Several methods have been reported for epoxidation of unsaturated fatty compounds such 

as in situ performic acid procedure, epoxidation with aldehydes and molecular oxygen, dioxiranes, 

H2O2/tungsten heteropolyacids, H2O2/methyl trioxorhenium, and enzymatic epoxidation [6,7,17]. 

Scheme 2.1 shows a typical epoxidation of a lipid including oleic acid, linoleic acid and α linolenic 

acid and formation of epoxide groups on the C-C double bonds. 

Although, the epoxidized oils and fats have their own valuable applications such as plastic 

additives [40,41], plasticizers [40], flame retardants [7], heat stabilizers [7], antioxidants and light 

stabilizers [7], lubricants, cosmetics and biochemical applications [42,43] (which are summarized 

in Figure 2.13) , obtaining dicarboxylic acids via epoxidation requires a further reaction of ring 

opening of epoxides which, in turn, often needs different catalysts. Therefore, epoxidation does not 

seem to be reasonable method to produce dicarboxylic acids. 

 

Scheme 2.1. Epoxidation of a lipid [7]. 

2.2.2.1.2 Oxidative cleavage 

The term “oxidative cleavage” in olefins generally means breaking carbon-carbon bonds 

and forming carbon-oxygen double bonds (see Scheme 2.2). Sometimes, carbon-hydrogen bonds 

get cleaved in addition to carbon-carbon bonds. Therefore, a variety of products such 

as alcohols, aldehydes or ketones, and carboxylic acids can be obtained depending on the type of 

bond being oxidized and the reaction conditions [44]. 

Oxidative cleavage of olefins in large-scale typically occurs by ozonolysis with high yield. 

Ozone, O3, is an allotrope of oxygen that can be added rapidly to the carbon-carbon double bonds, 
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and transform alkenes into aldehydes or carboxylic acids without the use of a metal as catalyst [44]. 

Currently, azelaic acid (C9, dicarboxylic acid) as a very industrially important chemical is 

produced in large-scale via ozonolysis of oleic acid (Equation 2.1). Pelargonic acid (C9, 

monocarboxylic acid) is obtained as a co-product but also a valuable chemical [1]. These types of 

saturated acids that have short and odd hydrocarbon chains are rare in natural resources [2]. On the 

other hand, they are very attractive initial materials for the development of numerous bio-based 

products [3,4]. For instance, azelaic acid converts into different esters for the preparation of 

polymers (Nylon 6:9), plasticizers, adhesives, solvents, biodegradable lubricants, corrosion 

inhibitors, and anti-acneic agent for cosmetics [2,3]. Pelargonic acid is an intermediate in the 

production of lubricants, plasticizers, perfumes, herbicides, fungicides, resins [3,5].  

H3C(CH2)7CH=CH(CH2)7COOH + 4O → H3C(CH2)7COOH + HOOC(CH2)7COOH    (2.1) 

These two valuable products are obtained only in the case of over-oxidation, whereas partial 

oxidative cleavage of oleic acid produces aldehyde nonanal and 9-oxononanoic acid [45] (Scheme 

2.3). Presence of strong oxidants such as ozone favors over-oxidation. 

 

Figure 2.13. Applications of epoxidized fatty acids and their derivatives [42]. 

 

Scheme 2.2. A general oxidative cleavage process. 
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Although the ozonolysis of oleic acid has shown high conversion and selectivity [1-

3,46,25], hazardous problems associated with the use of ozone have always been a challenge [8]. 

That is why the commercial applications of ozonolysis processes are still restricted. Handling of 

ozone has always various safety risks such as explosion and toxicity of ozone. Moreover, enormous 

energy demand of ozonolysis process and high-technology equipment required make the capital 

cost of process high [47,46]. Therefore, a new alternative method with safer and economically 

more viable process to produce dicarboxylic acids from oxidation of UFAs is of great interest to 

the industry. The dangerous ozone should be replaced by a safe and green oxidant. This makes it 

necessary to employ a highly efficient catalyst in the oxidative cleavage process. Therefore, in the 

following sections different types of oxidants and catalysts reported in the literature for oxidative 

cleavage of UFAs are reviewed. 

 

Scheme 2.3. Oxidation of oleic acid into aldehydes (I) and over-oxidation into carboxylic acids (II). 

 

2.3 Different catalyst-oxidant systems for oxidative cleavage of 

unsaturated fatty acids 

Transition metal-based catalytic systems are considered to be most suitable for the oxidative 

cleavage of olefins. Their high catalytic activities make it possible to use more benign oxidants. 

Osmium, ruthenium, and tungsten are three metals that have attracted the most attentions for 

oxidation of unsaturated hydrocarbons. In the case of UFAs, on which tiny portion of oxidative 

cleavage-based research works have focused, the emphasis has been placed on the latter two, 

particularly tungsten. Additionally, iron, molybdenum, cobalt, chromium, manganese and gold are 

other metals that have been less investigated. Pure metals, simple metal salts, metal oxides and 

different metal complexes are different forms of metals that have been employed as catalysts. One 
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noticeable point is that the common side reactions such as epoxidations, dihydroxylation or allylic 

oxidations should be prevented or minimized, which strongly depends on the nature of the 

transition metal used as catalyst. 

Oxidants are the source of oxygen during the oxidation reaction. Several oxidants have been 

reported in the literature to oxidize unsaturated fatty acids. Depending on the oxidizing power some 

oxidants need the aid of catalyst to act as co-oxidant, and some do not need. The strong oxidants 

such as sodium periodate, sodium hypochlorite, potassium permanganate, potassium 

peroxomonosulfate (oxone), peracetic acid, nitric acid and tert-butyl hydroperoxide (TBHP) can 

usually oxidize substrates without the need for an active catalyst [2,46,48,39]. But, the problem is 

that most of these oxidants are not eco-friendly, and the desired products are obtained in low yields 

due to the waste generation. Using the relatively moderate oxidants such as molecular oxygen and 

hydrogen peroxide could overcome this problem, because they produce no waste. However, in 

order to have acceptable reaction conversion and selectivity in such systems it is necessary to 

employ a highly efficient catalytic system [2,3]. 

In this section, we have tried to review all of the recent works which exploited different 

catalyst/oxidant systems in the oxidative cleavage of, only, UFAs and their derivatives. With 

specific respect to commercializing viewpoint arising from the global demand for developing a 

greener alternative for the conventional oxidative cleavage methods, we will compare the results 

of previous works in three groups: homogeneous, heterogeneous and semiheterogeneous (NP-

based) catalysts. This classification associated with the critical discussions presented on the 

important features such as catalytic activity and recoverability would be helpful for future works 

planning. In addition, investigation of recent breakthroughs of NP-based catalysts that can increase 

their performance specially in the oxidative cleavage of UFAs, would present an outlook in the 

development of advanced catalysts for such reactions. 

2.3.1 Mechanisms of the reaction 

To reach a comprehensive interpretation, firstly it is important to investigate different 

proposed mechanisms for the oxidative cleavage reactions. In general, oxidative cleavage of C-C 

double bonds in the fatty molecules involves scission of the double bonds followed by 

incorporation of oxygen atoms into the two produced sections (see Scheme 2.4). Aldehydes and 
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ketones are often the initial products whereas over-oxidation yields in the production of carboxylic 

acids [46]. 

Several mechanisms have been proposed for the oxidative cleavage of alkenes and cyclic 

olefins. For UFAs, however, the mechanism seems to be more complicated. The main reason would 

be the presence of carboxylic group which may results in side reactions. In addition, oxidative 

cleavage of cyclic olefins and alkenes is typically easier than fatty acids due to the role of the ring 

strain instability. This intermediate state can promote the oxidation reaction, while it is not highly 

effective in the case of fatty acids. Moreover, formation of radical intermediates in the oxidative 

cleavage of UFAs is very difficult, unlike the cyclic olefins. Herein, we presented the modified 

versions of two of proposed mechanisms for general olefins that are applicable to UFAs. Further 

works to propose a mechanism that carefully considers the mentioned difficulties, however, should 

be encouraged. 

 

Scheme 2.4. Oxidative double bond cleavage of UFAs to aldehydes, ketones, and carboxylic acids [45]. 

The first mechanism, which is shown in Scheme 2.5, describes a catalytic system based on 

transition metals tetroxide such as RuO4 and OsO4 [45,49]. These oxides can be formed during the 

reaction also, and in the presence of oxidants, when their corresponding metal salts are used as 

catalysts [50,51]. In terms of selectivity, RuO4 indicates better performance compared to OsO4, 

because the reaction mechanism for RuO4 does not involve dihydroxylated intermediates (Scheme 

2.5 mechanism I) and immediately after the formation of metal diester as the main intermediate, 

the aldehydes will be formed, while OsO4 tends to form diols after formation of the metal diester 

(Scheme 5 mechanism II) rather than aldehydes. The main advantage of osmium in comparison 

with ruthenium is the lower required metal loadings at the same conditions [45]. However, the toxic 

properties of osmium are stronger than ruthenium. 
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Scheme 2.5. First mechanism of oxidative cleavage of UFAs [45,49]. 

The second mechanism is based on the formation of epoxide groups following by the 

hydrolysis to diols and final oxidation to obtain aldehydes or carboxylic acids. This mechanism, 

which is schematically shown in Scheme 2.6, is mainly ascribed to the presence of tungsten 

compounds as catalyst [45]. 

 

Scheme 2.6. Second mechanism of oxidative cleavage of UFAs [45]. 

2.3.2 Homogeneous catalysts 

Homogeneous catalytic systems are believed to effectively increase the conversion in oils 

and fats reactions which are conducted mainly in liquid phase. The high performance of such 

catalysts owes to the formation of uniform mixture with the reactants resulting in minimum mass 

transfer limitations and high reaction rates. 

In oxidative cleavage reactions of fatty acids, different coordination of metals such as 

simple metal salts, metal-oxo or peroxo complexes, and other metal complexes have been used as 

homogeneous catalyst. It is worth pointing out studies in this field, in order to find an alternative 

for ozonolysis process, are currently passing through lab-scale requirements such as better 

understanding of the reaction mechanism and, thus, have been less focused on industrialization 

aspects. In fact, that is why the use of homogeneous catalysts has been generally preferred in the 

literature. While heterogeneous catalysts are of interest to industry for their ease of recovery, 

homogeneous catalysts show more advantages for research-scale works such as lower mass transfer 

limitations which results in higher conversion. Therefore, the number of researches focused on 
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homogenous system is much higher than heterogeneous one. Table 2.5 summarized the details of 

reported homogeneous catalytic systems for the oxidative cleavage of UFAs and their derivatives.  

2.3.2.1 Osmium 

Osmium is one of the first metals which have been investigated in catalytic oxidative 

cleavage of olefins [52]. The catalytic application of Os is usually accompanied with using NaIO4 

or KHSO5 as secondary oxidants (Table 2.5, entry 1) [53]. Sodium periodate and oxone can form 

Os tetroxide from its precursor, in addition to their role in oxidizing the diol intermediates to 

aldehydes. Although catalytic systems based on Os require less loading of catalyst, its applications 

have been restricted due to the significant toxic properties of Os. 

2.3.2.2 Cobalt 

Diol oxidation can also be done with the cobalt polyoxometallate (POM) as shown by 

Santacesaria (Table 2.5, entry 2) [54]. Using cobalt acetate, they reported a POM based on the 

mixture of cobalt and tungsten. As soon as hydrogen peroxide is added to the system, the POM 

catalyst can be formed in situ which is introduced to be H6CoW12O40. However, the production 

yield of azelaic acid from oleic acid using this catalytic system is not high enough (52.5%). 

2.3.2.3 Molybdenum 

Turnwald reported the complex formed on the basis of molybdenum to convert oleic acid 

into pelargonic and azelaic acid with excess hydrogen peroxide (Table 4, entry 3) [3]. Using 2,6-

dipicolinate as ligand, the active oxo-peroxo complex [MoO(O2)(2,6-dipicolinate)](H2O) could be 

formed as the catalyst which resulted in 82% yield of azelaic acid after 5 h at 90 ⁰C, albeit the large 

amount of H2O2, which should be employed, make such systems unreasonable for large-scale 

applications.  
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Table 2.5. Different homogeneous catalytic systems reported for the oxidative cleavage of UFAs and their derivatives. 

M
e
ta

l 

Entry Reactants Main products Catalyst/oxidant system Reaction conditions 1 
System’s efficiency 

(Yield) 2,3 

R
e
fe

r
e
n

c
e 

O
s 

1 Methyl oleate 
Pelargonic acid 

Monomethyl azelate 
OsO4/oxone in DMF 3 h, RT PA: 93%  [53] 

C
o
 

2 Oleic acid 
Pelargonic acid 

Azelaic acid 
A cobalt-based POM: H6CoW12O40/ H2O2-O2 4.5 h, 70 ⁰C AA: 52.5% [54] 

M
o
 

3 Oleic acid 
Pelargonic acid 

Azelaic acid 

A molybdenum-based POM: [MoO(O2)(2,6-

dipicolinate)](H2O)/H2O2 
5 h, 90 ⁰C AA: 82% [3] 

F
e 

4 

Oleic acid 

Methyl oleate 

Elaidic acid 

Erucic acid 

Methyl erucate 

Nonanal An Iron-based complex/H2O2 and NaIO4   24 h, RT 

NL from OA: 90% 

NL from MO: 96% 

NL from ElA: 69% 

NL from ErA: 73% 

NL from ME 70% 

[55] 

5 
Oleic acid 

Methyl oleate 

Nonanal 

Pelargonic acid 

Azelaic acid 

 

An Iron-based complex/H2O2 and NaIO4  48 h, RT 

PA from OA: 85% 

NL from OA: 5% 

PA from MO: 82% 

NL from MO: 9% 

[56] 

R
u

 

6 Oleic acid 
Pelargonic acid 

Azelaic acid 
RuCl3/NaIO4 

0.75 h, RT 

Ultrasonic radiation 

AA: 81% 

PA: 96% 
[57] 

7 Oleic acid 
Pelargonic acid 

Azelaic acid 
RuCl3/NaIO4 

8 h, RT 

Using ultrasonic radiation 

Organic solvent-free 

AA: 62% 

PA: 98% 
[58] 

8 
Oleic acid 

Methyl oleate 

Pelargonic acid 

Azelaic acid 
A ruthenium-based POM: [Ru(2,6-dipicolinate)2]/H2O2 24 h, 80 ⁰C 

PA from OA: 59% 

PA from MO: 81% 
[59,60] 
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Table 2.5. Different homogeneous catalytic systems reported for the oxidative cleavage of UFAs and their derivatives, continued. 

M
e
ta

l 

Entry Reactants Main products Catalyst/oxidant system Reaction conditions 1 
System’s efficiency 

(Yield) 2,3 

R
e
fe

r
e
n

c
e 

W
 

9 Oleic acid 
Pelargonic acid 

Azelaic acid 
H2WO4 and Co(acac)3 /H2O2 and NHPI in O2 5 h, 70-75 ⁰C 

AA: 15% 

PA: 15% 
[61] 

10 Methyl oleate 
Pelargonic acid 

Methyl azelate 
H2WO4 and Co(acac)3 /H2O2 and NHPI in O2 5 h, 70-75 ⁰C 

MA: 19% 

PA: 20% 
[61] 

11 Methyl erucate 
Pelargonic acid 

Methyl brassylate 
H2WO4 and Co(acac)3 /H2O2 and NHPI in O2 5 h, 70-75 ⁰C 

MB: 41% 

PA: 54% 
[61] 

12 Oleic acid 
Pelargonic acid 

Azelaic acid 
PCWP/H2O2 

5 h, 90 ⁰C 

Organic solvent-free 
AA: 57% [3] 

13 Oleic acid 
Pelargonic acid 

Azelaic acid 
A peroxo-tungsten complex with Cs+ as PTA/H2O2 

10 h, 90 ⁰C 

Organic solvent-free 
AA: 28% [3] 

14 Oleic acid 
Pelargonic acid 

Azelaic acid 
PCWP/H2O2 4 h, 80 ⁰C 

AA: 86% 

PA: 82% 
[62] 

15 Methyl oleate 
Pelargonic acid 

Methyl azelate 

A peroxo-tungsten complex with Aliquat® 336 as 

PTA/H2O2 

4 h, 85 ⁰C 

Organic solvent-free 

MA: 83% 

PA: 84% 
[63] 

16 Methyl ricinoleate 
Methyl azelate 

Hydroxynonanoic acid 

A peroxo-tungsten complex with Aliquat® 336 as 

PTA/H2O2 

4 h, 85 ⁰C 

Organic solvent-free 

MA: 85% 

PA 84% 
[63] 

17 Oleic acid 
Pelargonic acid 

Azelaic acid 

A peroxo-tungsten complex with Aliquat® 336 as 

PTA/H2O2 
5 h, 80 ⁰C 

AA: 79% 

PA: 82% 
[64] 

18 Oleic acid 
Pelargonic acid 

Azelaic acid 
PCWP/H2O2 

5 h, 85 ⁰C 

Organic solvent-free 

AA: 81% 

PA: 86% 
[2] 

19 Methyl oleate Nonanal A peroxo-tungsten complex with Alk-PEI as PTA/H2O2 
24 h, 70 ⁰C 

Organic solvent-free 
NL: 97% [65] 

1. RT: room temperature 
2. The best result of each work is presented in the table. 
3. PA: pelargonic acid, AA: azelaic acid, NL: nonanal, OA: oleic acid, MO: methyl oleate, ElA: Elaidic acid, ErA: Erucic acid, ME: methyl erucate, MA: methyl azelate, and MB: methyl brassylate.



29 

 

2.3.2.4 Iron 

Although the first-row transition metals have the advantages of being cheaper and more 

environmentally friendly, their use in catalytic oxidative cleavage of UFAs has been limited due to 

their generally lower oxidizing potential compared to second- and third-row transition metals. It 

seems that the catalytic systems based on only first-row transition metals like iron have less ability 

to over-oxidize UFAs and produce dicarboxylic acids.  

Spannring et al. have introduced a catalytic system based on the first-row transition metal 

for the oxidation of UFAs (Table 2.5, entries 4 and 5) [55,56]. They used Fe-based coordination 

metal complexes to produce aldehydes (entry 4) and carboxylic acids (entry 5). For the first case 

(aldehyde), the iron complex [Fe(OTf)2(mix-BPBP)] has been used as catalyst and hydrogen 

peroxide and sodium periodate as oxidant in acetonitrile, where OTf is trifluoromethane sulfonate 

anion and mix-BPBP is the mixture of R,S-, R,R- and S,S isomers of N,N′-bis(2-picolyl)-2,2′-

bipyrrolidine). After epoxidation, water was added followed by acidification with H2SO4 and 

subsequent pH neutralization using NaHCO3 to perform the epoxide hydrolysis and diol cleavage 

(second mechanism, Scheme 2.6). Adding acetic acid to increase the conversion, they succeeded 

to produce nonanal with the yields of 96 and 90% from methyl oleate and oleic acid, respectively. 

The total time of reaction was 24 hours at ambient temperature. However, longer reaction time (48 

h) is needed to produce carboxylic acids using Fe-based complexes (see Table 2.5, entry 5). The 

complex used for this purpose was [Fe(OTf)2(6-Me-PyTACN)] where 6-Me-PyTACN is 1-[(6-

methyl-2-pyridyl)methyl]-4,7-dimethyl-1,4,7-triazacyclononane. Here, the mechanism includes 

the direct cis-dihydroxylation of the double bond, oxidative cleavage and subsequent over-

oxidation to the carboxylic acids. Applying several one-pot procedures with different combinations 

of oxidants and additives resulted in different substrate conversions and product distributions. The 

best obtained yields, which are presented in Table 2.5, are 82 and 85% for pelargonic acid from 

methyl oleate and oleic acid, respectively. Nevertheless, the low oxidizing power of iron, which 

leads to the longer reaction time, is still the main disadvantage of such catalytic systems. 

2.3.2.5 Ruthenium 

Ruthenium is one of the oldest transition metals which have been employed in the oxidative 

cleavage of C-C double bonds [66,50,51]. Its tetroxide is an interesting metal oxide, because the 
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stoichiometric oxidation of double bonds by RuO4 is fast and very selective. This arises from the 

fact that the reaction mechanism does not involve epoxide or hydroxylated intermediates. This 

mechanism is shown in Scheme 2.7, (mechanism I in Scheme 2.5) and involves the formation of a 

cyclic perruthenate ester [67]. RuO4 can also be used as catalyst when RuCl3 is employed with a 

secondary oxidant like NaIO4, NaClO, t-BuOOH or RCOOOH. These oxidants can perform the re-

oxidization of RuO2 to RuO4. By contrast to the common metal oxides like MnO2, ruthenium oxide 

is soluble in solvents such as CCl4 or MeCN and this property, is crucial in its catalytic applications 

[68].  

 

Scheme 2.7. Oxidative cleavage of C-C double bonds by RuO4 (formation of cyclic perruthenate ester) [67]. 

Optimization of the methods presented by Zimmermann et al. [69] for the oxidative 

cleavage of oleic acid using RuCl3 as catalyst and NaIO4 as oxidant, resulted in the production of 

azelaic and pelargonic acid with 81 and 96% yield, respectively, in the mixture of acetonitrile and 

water (Table 2.5, entry 6) [57]. Using the surfactant Aliquat® 336 (methyltrioctylammonium 

chloride) and ultrasonification in the system significantly increased the reaction rate and made 

these yields possible in only 45 minutes at ambient temperature. Further improvement including 

the elimination of organic solvent by means of 20 kHz ultrasonic irradiation and increasing the 

reaction time was obtained by Rup et al. (Table 2.5, entry 7) [58]. 

Recently, Behr and his co-workers tried to eliminate the secondary oxidant NaIO4 using 

Ru-based metal complexes (Table 2.5, entry 8) [59,60]. They demonstrated that the presence of 

excess amount of a ligand and in situ formation of the complex, make the oxidative cleavage 

possible only with hydrogen peroxide. The procedure includes the use of Ru(acac)3 as a precursor 

and 2,6-dipicolinic acid as a ligand in the mixture of tert-butyl alcohol and water and reaction at 

80 ⁰C for 24 h. However, the yield of production of pelargonic acid with this system (59 and 81% 

from oleic acid and methyl oleate, respectively) are lower than those systems based on Ru salt and 

NaIO4. This is mainly because of the higher number of side reactions in this case. 
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Ruthenium is one of the rare transition metals, and its precursors are very expensive. Its 

toxic property, although less than Os, is another problem. Considering scale up aspects, therefore, 

an alternative transition metal is desirable for catalytic oxidation of olefins.  

2.3.2.6 Tungsten 

Since the mechanism of W-based catalytic oxidative cleavage of olefins (Scheme 2.6) 

includes formation of epoxides and hydroxylated intermediates, performing the reaction in one step 

and minimization of by-products are very important. Oakley et al. reported using tungsten oxide 

(in hydrated form is tungstic acid, H2WO4) as catalyst for the oxidative cleavage of oleic acid, 

methyl oleate and methyl erucate (Table 2.5, entries 9, 10 and 11) [61]. The catalytic system 

includes using Co(acac)3, and N-hydroxyphthalimide (NHPI) in O2 and H2O2 as oxidant in order 

to over-oxidize the intermediates diols into carboxylic acids. This system provides one-pot reaction 

and use of a limited amount of H2O2, but the production yields are very low (see Table 2.5).  

Many efforts have been done to eliminate the secondary oxidants in the oxidative cleavage 

of olefins during the last decades. For this purpose, tungsten-containing catalysts are ideal, because 

they have a unique ability in combination with hydrogen peroxide that makes elimination of the 

secondary oxidants possible. That is the main reason for the much more frequent applications of 

tungsten as catalyst in the oxidation of UFAs in recent years. Moreover, W is cheaper and less toxic 

compared to Ru and Os. 

Recently, catalytic systems that involve W-based POM have been significantly 

investigated. Such systems mainly include a phase transfer agent (PTA) (usually a quaternary 

ammonium salt) to increase the solubility of substrates in the biphasic reaction, often 

tungstophosphoric acid (TPA, H3PW12O40) as the W precursor and hydrogen peroxide solution. 

The in situ protocol upon the addition of H2O2 leads to the formation of peroxo-tungsten complex 

Q3{PO4[WO(O2)2]4}, where Q is the cationic part of the quaternary ammonium salt. Several salts 

have been used for this purpose such as cetylpyridinium chloride (CPC), methyltrioctylammonium 

chloride (Aliquat® 336), tetrabutylammonium chloride and tetraoctylammonium chloride. The 

most common one is CPC which causes the complex peroxo-tris (cetylpyridinium)12-

tungstophosphate (PCWP) to be formed with the chemical formula {C5H5N-

C16H33}3{PO4[WO(O2)2]4}). 
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Turnwald et al. reported one step solvent-free oxidative cleavage of oleic acid to produce 

azelaic and pelargonic acids using PCWP (Table 2.5, entry 12) [3]. After 5 h reaction at 90 ⁰C, the 

yield of azelaic acid was 57%. Increasing the reaction time to 10 h led to higher yield (64%), but 

the catalyst was decomposed. The substitution of counter-ion cetylpyridinium with Cs+ (the 

complex tris (caesium) tungstophosphate), increased the thermal stability of the complex, but the 

obtained yield was lower even in longer time (28%) (Table 2.5, entry 13). 

With the same catalytic system and only altering the amounts of initial reactants, Pai et al. 

reported a higher yield (86% for azelaic acid) in even shorter time (4 h) and lower temperature (80 

⁰C) (Table 2.5, entry 14) [62]. Changing the phase transfer agent, Khlebnikova et al. employed 

another catalytic peroxo-tungsten complex system to perform the oxidative cleavage on methyl 

esters of fatty acids (Table 2.5, entries 15 and 16) [63]. Using Aliquat® 336 instead of CPC, they 

succeeded to synthesize the complex methyltrioctylammonium tetra (diperoxotungsto) phosphate. 

In comparison with entry 14, it is interesting to say that at the same reaction time and, almost, 

temperature, the obtained yields were also the same, however the catalyst loadings used for the 

oxidation of fatty acids (entry 14) are higher than those used for the oxidation of their 

corresponding methyl esters (entry 15). 

Antonelli et al. tried to apply the same complex system as entry 15 and 16 for the oxidative 

cleavage of oleic acid into pelargonic acid and azelaic acid (Table 2.5, entry 17) [64]. Performing 

the reaction at 80 ⁰C for 5 h resulted in the production of azelaic acid with the 79% yield which is 

slightly lower than what was obtained using CPC (entry 14).  

In order to obtain a more precise comparison between the performances of different phase 

transfer agents in the oxidation of UFAs, Godard et al. employed four PTA including CPC, 

Aliquat® 336, tetra butyl and tetra octyl ammonium chloride in a same oxidative cleavage of oleic 

acid (Table 2.5, entry 18) [2]. CPC and subsequent catalytic complex system PCWP were found to 

give the best results and further optimizations of the reaction conditions led to the production of 

azelaic and pelargonic acid with 81 and 86% yields, respectively, in organic solvent-free system 

and in 5 h at 85 ⁰C. 
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A new type of phase transfer agent is introduced in the work that was done by Haimov et 

al. (Table 2.5, entry 19) [65]. The alkylated form of polyethyleneimine (Alk-PEI) was used in the 

production of aldehydes from methyl oleate. The system showed high selectivity for nonanal (97% 

yield) with the reaction temperature of 70 ⁰C and relatively long reaction time (24 h) in the absence 

of organic solvent.    

The majority of homogeneous catalytic systems reported here have conversions of more 

than 90%. Nevertheless, their applications in industry are restricted as a result of problems such as 

lack of recycling ability, metal contamination, poor control of selectivity, and disposal of 

potentially toxic wastes. Since employing insoluble heterogeneous catalytic systems is an efficient 

strategy in order to achieve the isolation and separation of catalysts, developing solid catalysts 

would be favorable to solve these problems. 

2.3.3 Heterogeneous catalysts 

Employing solid catalysts in liquid phase reactions has been always proposed as a 

promising way in large-scale production of chemicals. The most important feature of 

heterogeneous catalysts is their recycling ability, owing to the ease of recovery, which makes them 

able to be commercialized. In spite of many positive aspects, application of heterogeneous catalysts 

in oils and fats reactions has been restricted, mainly because of poor reactant/catalyst contact 

which, in turn, arises from pore diffusion limitations or low active site availability. This would be 

a main reason that heterogeneous catalytic systems for the oxidative cleavage of UFAs have been 

remarkably less documented. The results of these systems are summarized in Table 2.6. 

Noureddini et al. investigated the liquid-phase catalytic oxidation of oleic acid with 

hydrogen peroxide in the presence of different metals or metal oxides, supported and unsupported 

(Table 2.6, entries 1 and 2) [48]. They reported the production of azelaic and pelargonic acids as 

the major products and some by-products mainly including C5-C8 carboxylic acids. Using metals 

including tungsten, tantalum, molybdenum, zirconium and niobium in the form of a wire, and 

tungsten oxide and tantalum oxide as catalyst showed that transition metals in their pure form could 

not be efficient catalysts, in particular for large-scale applications. It is believed that the metal oxide 

is responsible for catalyzing the oxidation of UFAs. Therefore, in the case of using pure metals, 

firstly they have to be oxidized to metal oxides and then, catalyze the reaction. This multi-step 

process reaction requires larger amounts of oxidant. Supported tungsten oxide showed the highest 
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conversion at reaction temperature of 130 ⁰C. About 79% of the initial oleic acid was converted 

after 1 h, 96% in 2 h and 98% after 3 h and longer. One interesting point mentioned in this work is 

that during the reaction, the concentrations of the main products, azelaic and pelargonic acid, 

showed an increasing trend until reaching a maximum and then started to decrease. This arises 

from the degradation of azelaic and pelargonic acids in the prolonged heating process. The time at 

which maximal concentration of desired product was obtained depended on the type of catalyst 

used. For supported tungsten oxide, maximal azelaic acid concentration was reached in 1 h or less. 

Therefore, optimization of the reaction residence time to obtain the highest yield (and acceptable 

conversion) seems critical, in particular for scale up of the reaction. Another interesting point in 

this work is the effect of the support. Initially higher pore diffusion resistance of the porous support 

led to a lower catalytic activity of supported tungsten oxide in comparison with the unsupported 

form, only in the early stages of the reaction. After about 20 min, however, a significant increase 

in catalytic activity of the supported catalyst was obtained while the activity of the unsupported 

catalyst stayed constant throughout the whole 1 h of the reaction. The selectivity of azelaic and 

pelargonic acids in the case of the supported catalyst (32 and 36%, respectively) were slightly 

higher compared to unsupported catalyst (30 and 29%, respectively). Finally, it is clear that the 

conversions, in both cases of supported and unsupported catalysts, are not as high as what was 

obtained in homogeneous catalytic oxidation of oleic acid. 

Porous solids have been widely employed in a variety of reactions to improve the 

performance of heterogeneous catalytic systems. In a classification presented by IUPAC‡, there are 

three types of porous solids: (i) microporous materials (e.g., zeolites) with pore diameter less than 

2 nm, (ii) mesoporous materials with pore diameter between 2 and 50 nm and (iii) macroporous 

materials with the pore diameter larger than 50 nm [70]. Microporous zeolites, which generally 

have very high surface area and crystalline structure with uniform micropore size, are widely used 

as heterogeneous catalysts in the refining and petrochemical industry. However, these materials 

are not useful for the oils and fats reactions because of the relatively large molecular size of 

oleochemicals. For example, employing zeolites (pore size less than 1.5 nm [71]) as catalysts in 

oxidative cleavage of oleic acid (molecular size about 2 nm [72]) does not seem favorable due to 

the lower dimensionality of the interaction between the components and the catalyst surface. On 
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the other hand, catalytic activity of macroporous materials is poor as the result of their relatively 

low surface area. Efforts to increase the pore size of catalytic materials while maintaining high 

surface area led to the discovery of mesoporous materials in 1992 by Mobil Research and 

Development Corporation [73]. This type of porous materials has shown potential applications as 

either catalyst or support for liquid-phase reactions of oils and fats [37]. A comprehensive review 

on the catalytic applications of mesostructured materials has been presented in our previous work 

[74]. 

Using mesoporous molecular sieves (Cr-MCM-41, Mn-MCM-41, Co-MCM-41) and 

microporous zeolites (Cr-APO-5, Co-MFI, Mn-MFI) as supports, Dapurkar et al. employed 

chromium, manganese and cobalt as active sites to oxidize oleic acid into azelaic and pelargonic 

acids in supercritical carbon dioxide (scCO2) media with molecular oxygen (Table 2.6, entry 3) 

[75]. The reaction was performed at 80 ⁰C for 8 h. Mesoporous MCM-41 containing chromium 

converted more than 95% of initial oleic acid with almost the same products yields (32.4% for 

azelaic acid, and 32.2% for pelargonic acid) as the previous work. Their results confirm the 

advantages of mesoporous catalysts in comparison with microporous catalysts in the reactions of 

fats and oils. However, the disadvantage of this catalytic system is an insufficient selectivity for 

azelaic and pelargonic acids, due to the production of C6–C10 di- and monocarboxylic acids as by-

product. 

While reusability of heterogeneous catalysts would make them cost effective for large-scale 

applications, their lower conversion, yield or selectivity in the oxidative cleavage of UFAs 

compared to homogeneous ones is a big obstacle to commercialization. Tackling this obstacle 

requires some improvements in the structure of solid catalysts. An advanced heterogeneous 

catalytic system should be developed that includes the advantages of homogeneous catalysts on 

one hand, and the recycling ability on the other hand. NP-based catalysts seem to be most suitable 

for this purpose, since it has been shown that they can act like a homogeneous catalyst in the 

reaction medium insofar as sometimes discriminating NPs and homogenous catalysts requires 

different techniques such as NMR, DFT, electron microscopy imaging, dynamic light scattering 

(DLS), X-ray photoelectron microscopy (XPS), magnetometry, and multiphasic analysis [76]. 

Hopefully, it can be said that homogenization of heterogeneous catalyst in order to combine the 



36 

 

 

best properties of both homogeneous and heterogeneous catalysts would be possible by employing 

NP-based catalysts. 

2.3.4 Nanoparticle-based catalysts 

Owing to the natural high surface-to-volume ratio and quantum size effects, NPs 

demonstrate unique properties which make them prominent compared to larger particles or bulk 

materials for catalytic applications [77-85]. This can be confirmed by the fact that NP-based 

catalysts have, generally, exhibited higher catalytic activity compared to conventional catalysts in 

different types of reactions. For example, Carrettin et al. showed that nanocrystalline CeO2-

supported Au catalysts are 2 orders of magnitude more active than conventional Au/CeO2 catalysts 

for the CO oxidation [86]. In spite of this, curiously only few research works have employed NPs 

as catalyst in the oxidative cleavage of UFAs (Table 2.7). Ho et al. reported using ruthenium NPs 

supported on hydroxyapatite in the oxidative cleavage of  alkenes and unsaturated fatty compounds 

with sodium periodate as oxidant (Table 2.7, entry 1) [87]. Their results showed that applying this 

catalytic system for UFAs, however, is not favorable. While full conversion was obtained for 

alkenes oxidation in the reaction time of 2-7 h, only 16% of methyl oleate was converted to 

aldehyde with this system even after 12 h, albeit at good yields (84% for nonanal and 79% for 

methyl 9-oxononanoate). 

Recently, vicinal dihydroxy derivatives of oleic acid, methyl oleate, and erucic acid were 

converted by oxidative cleavage to the respective di- and monocarboxylic acids in the presence of 

supported gold catalyst and molecular oxygen as oxidant by Kulik et al. (Table 2.7, entry 2) [1]. 

Deposition of Au NPs on different supports (Al2O3, CeO2, TiO2, and ZrO2) was investigated. The 

obtained results showed that the highest catalytic activity belonged to Au/Al2O3 catalyst with 

highly dispersed gold particles which could convert more than 80% of 9,10-dihydroxystearic acid 

in 260 min at 80 ⁰C yielding 86% azelaic acid and 99% pelargonic. The main drawback of this 

system is the significant decrease in the catalytic activity after the catalyst recovery. After two 

recycling experiments using the Au/Al2O3 catalyst, considerable decrements were observed in the 

catalyst activity; conversion decreased from 94% to 77%, and production yields of azelaic and 
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pelargonic acids decreased by 30%, approximately. Since Au is an expensive metal, this weak 

recovery potential prevents commercializing of the gold-based heterogeneous catalytic systems. 
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Table 2.6. Different heterogeneous catalytic systems reported for the oxidative cleavage of UFAs and their derivatives. 

1. RT: room temperature 
2. The best result of each work is presented in the table. 

3. AA: azelaic acid and PA: pelargonic acid. 

 

 

Table 2.7. Different semiheterogeneous (nanoparticle-based) catalytic systems reported for the oxidative cleavage of UFAs and their derivatives. 

1. RT: room temperature 

2. The best result of each work is presented in the table. 

3. NL: nonanal, M9-ON: methyl 9-oxononanoate, AA: azelaic acid, and PA: pelargonic acid.
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Entry Reactants Main products Catalyst/oxidant system 
Reaction 

conditions 1 
System’s efficiency 2, 3 
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1 Oleic acid 
Azelaic acid 

Pelargonic acid 
Tungsten oxide supported on silica/ H2O2 1 h, 130 ⁰C 

Conversion: 79% 

Selectivity (AA): 32% 
Selectivity (PA): 36% 

[48] 

2 Oleic acid 
Azelaic acid 

Pelargonic acid 
Tungsten oxide (unsupported)/ H2O2 1 h, 130 ⁰C 

Conversion: 56% 
Selectivity (AA): 30% 

Selectivity (PA): 29% 

[48] 

C
r
 

3 Oleic acid 
Azelaic acid 

Pelargonic acid 
Chromium supported on MCM-41/ O2 8 h, 80 ⁰C 

Conversion > 95% 

Yield (AA): 32.4% 

Yield (PA): 32.2% 

[75] 
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Entry Reactants Main products Catalyst/oxidant system 
Reaction 

conditions 1 
System’s efficiency 2, 3 
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c
e 

R
u

 

1 Methyl oleate 
Nonanal 

methyl 9-oxononanoate 

Ruthenium nanoparticles supported on hydroxyapatite/ 

NaIO4 
12 h, RT 

Conversion: 16% 

Yield (NL): 84% 
Yield (M9-ON): 79% 

[87] 

A
u

 

2 9,10-dihydroxystearic acid 
Azelaic acid 

Pelargonic acid 
Gold nanoparticles supported on alumina/ O2 4.33 h, 80 ⁰C 

Conversion > 80% 

Yield (AA): 86% 
Yield (PA): 99% 

[1] 
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Exploiting the interesting and unique properties of NP-based catalysts in the oxidative 

cleavage of UFAs has sparsely investigated in the literature. The two mentioned papers above, 

which are the only works done in this field to our knowledge, seem curiously insufficient. On the 

other hand, thanks to the explosive development of nanomaterials science, new breakthroughs in 

nanocatalysis are appearing at a fast rate, which have been reviewed in our recent feature article 

[88]. Further works, therefore, seem to be required to push the use of NP-based catalysts to the 

oxidative cleavage of UFAs. For this purpose, the interesting features of NPs which would enhance 

their efficiency in the oxidative cleavage of UFAs will be discussed in the following section. 

 

2.3.4.1 Performance enhancement of NP-based catalysts in oxidative cleavage of UFAs 

One strategy to increase the catalytic performance of NPs in some reaction media is capping 

their surfaces with a surfactant. This increase, however, depends on several parameters such as 

surface properties of NPs, the type and amount of surfactant, and the involving phases in the 

reaction and their miscibility. Using surfactant, not only size and shape of NPs can be controlled 

during the synthesis [89] but this could also result in a better dispersion of NPs in the liquid medium 

of oils and fats reactions due to the fact that surfactants can oppose van der Waals forces. In this 

way, the aggregation of particles will be prevented and, consequently, catalytic activity of the 

catalyst will not decrease during the reaction [90]. The role of surfactant becomes more crucial, if 

we consider a typical oxidative cleavage reaction of UFAs which uses hydrogen peroxide as the 

most common benign oxidant. Presence of aqueous H2O2, on one hand and organic reactants, on 

the other hand provides a biphasic reaction with immiscible phases. In this circumstance, the 

presence of a well-chosen surfactant on the surface of NPs can increase their dispersion.  

To illustrate the role of surfactant better, Scheme 2.8 shows the performance of surfactant-

capped nanoparticles (SCNPs) as catalyst in the oxidative cleavage of oleic acid, as an example for 

UFAs, with hydrogen peroxide. The surfactant capped on the surface of metal oxide NPs can be 

oleylamine, oleic acid or other similar chemicals. Having both hydrophilic head and hydrophobic 

chain, surfactants reinforce the stability of emulsion in the biphasic reaction which consists of 

aqueous phase and organic phase. It should be noted that free molecules of the reactant, oleic acid, 

also would contribute to the emulsion stability, because they can be laid at the interface due to their 
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hydrophilic and hydrophobic parts. Since the reaction takes place mostly at the interface, high 

concentration of the catalyst particles at the interface is preferred which would be possible by using 

SCNPs. This arises from two counter effects; while hydrophilic surface of transition metals oxides 

immerses them into the aqueous phase, hydrophobic chain of surfactant drags SCNPs toward the 

organic phase. The presence of SCNPs at the interface will make adsorption of H2O2 molecules 

from aqueous phase easier. Consequently, a kind of peroxo-metal complex will be formed at the 

surface of NPs. On the other hand, the hydrophobic chain of the surfactant attracts the oleic acid 

molecules, as the main reactant, from organic phase, and then the reaction will occur on the surface 

of SCNPs. The peroxo-metal complex, as discussed in homogeneous catalysts, is believed to be 

able to efficiently oxidize the olefins. Due to the presence of SCNPs at the interface, as soon as 

consumption of molecules of H2O2 and formation of a peroxo species on the NPs surface, another 

molecule of hydrogen peroxide will be adsorbed on the surface and this process will be 

continuously repeated. In fact, the role of phase transfer agent (PTA) in the homogenous systems, 

to which the high reaction efficiency was attributed, can be played by the surfactant in 

heterogeneous systems. 

 

Scheme 2.8. Schematic illustration for SCNPs as efficient nanocatalyst. (a) Surfactant molecule, (b) hydrophobic 

SCNPs surface and (c) Performance in the biphasic oxidative cleavage of oleic acid using H2O2 as oxidant. Presence 

of surfactant (i) contribute to the stability of emulsion, (ii) prevents aggregation of the NPs, and (iii) make the 

recovery of catalysts easier [91]. 



41 

 

Capping the NPs of an active metal oxide with an appropriate surfactant, a catalytic system 

may be developed that has the best properties of both homogeneous and heterogeneous systems. 

Moreover, considering the significant effects of SCNPs, it is highly likely that the reaction solvent 

can be eliminated, like what happened in the case of using homogeneous catalysts. Even, a decrease 

in the amount of solvent would be a great milestone in the oxidative cleavage reactions of UFAs, 

which will result in fewer by-products, easier separation of the products and lower operating cost.  

The presence of a surfactant on the surface of metal oxide NPs provides another substantial 

advantage in terms of economic aspects. SCNPs can be easily separated from the mixture after the 

reaction and reused via the method which was developed in our previous work [89]. Based on the 

hydrophobic or hydrophilic properties of the surface of NPs, changing the solvent from nonpolar, 

e.g. toluene, to polar, e.g. ethanol or vice versa will results in the precipitation of the SCNPs. This 

method is shown in Figure 2.14. ZrO2, TiO2, Au and Cu particles capped by oleic acid are highly 

dispersed in toluene and make a clear solution (Figure 5a), while they will be precipitated in ethanol 

(Figure 2.14 b). 

 

Figure 2.14. (a) Oleic acid-capped NPs of some metals/metal oxides dispersed in toluene (clear/transparent 

solutions) and (b) those NPs precipitated with excess ethanol [89]. 

Other approaches to address the recyclability of NP-based catalysts, as the main bottleneck 

for their industrial application, are currently undergoing rapid development. The efforts done in 

this field have been well documented in several review papers [92-98]. A facile, highly efficient, 

economical and environmentally benign method that attracted lots of attention is magnetic 

separation. The main issue, however, is that magnetic separation is only applicable to the materials 
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which have intrinsically magnetic parts. Nevertheless, the high efficiency of magnetic separation 

compared to filtration and centrifugation [99-101] has led to developing different strategies for the 

preparation of either magnetic nanocatalysts or non-magnetic catalysts immobilized onto magnetic 

nanomaterials, which have been separately investigated in the recent review papers of Hudson et 

al. [102] and Rossi et al. [103], respectively. A thorough review of the applications of magnetically 

recyclable nanocatalysts has been presented in the  recent and precious review paper of Wang and 

Astruc [104]. Given the wide range of reactions such as oxidation of alcohols, epoxidation of 

alkenes, hydrogenation of unsaturated compounds, C-C coupling, reduction of nitroaromatics, 

arylation and alkylation, extension of the scope of magnetically recyclable nanocatalysts for 

oxidative cleavage of UFAs seems to be of great interest. 

 

2.4 Heterogeneous tungsten-based polyoxometalate catalysts 

2.4.1 Tungsten: a fascinating metal for catalysis 

At the end of 18th century and dawn of tungsten chemistry, when the charming yellow color 

of tungsten oxide fascinated the chemists to propose its use as artist’s color and Rudolf Erich Raspe, 

a German Geologist and the famous author of “The Adventures of Baron Munchausen”, said that 

“In beauty it exceeds Turner’s well-known yellow by far” [105], probably they did not think that 

this pretty color material would find wide applications in industry. Over the years, however, 

different combinations of tungsten oxide have been developed in a variety of industries, insofar as, 

nowadays tungsten oxide is counted indispensable to our lives. Besides its application in hydrogen 

reduction to manufacture elemental tungsten for industries such as electronic and electrical, alloy 

and steel, jewellery, biology, sport and leisure equipment, etc., tungsten oxide is used for many 

purposes in everyday life such as production of smart windows, fireproofing fabrics, gas sensors, 

semiconductors and efficient catalysts and photocatalysts [106]. 

The major modern days use of tungsten oxides is nevertheless in the area of catalysis. Oil 

industry is the most striking consumer of tungsten catalysts for treating of crude oils since the 

1930’s [107]. Basic reactions such as hydrotreating (hydrodesulphurization, hydrodenitrogenation, 
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and hydrodearomatisation), de-NOx, and reforming are of the most important reactions catalyzed 

by tungsten compounds in chemical industry [108,109]. Since then, tungsten oxide-based catalysts 

have received continuous attention because of their increasing advantages in catalysis. First, 

although tungsten was previously classified as a rare metal, nowadays it is found in most countries, 

with less price and toxic properties compared to its alternatives from second and third rows of 

transition metals for organic reactions (chiefly osmium and ruthenium) [45]. Second, tungsten 

oxides and sulfides exhibit very strong Brönsted acid sites, to which catalytic activities of transition 

metals in many reactions are attributed [110-112], either as a bulk oxide or when supported [113-

118]. Compared to other metal oxides, tungsten oxide has shown relatively low point of zero 

charges (PZCs) in the literature [119], which complies with its high surface acidity. Third, tungsten 

oxide includes many chemical structures arising from the distinct inherent properties of tungsten, 

which enable a variety of properties and morphologies for catalytic applications in many chemical 

reactions. Numerous oxidation states of tungsten from -2 to +6 [120,121] have led to several 

tungsten oxides WOx (x mainly between 2-3) including WO3 (yellowish), WO2.9 or W20O58 

(bluish), WO2.72 or W18O49 (violet), and WO2 (brownish), as can be seen in Figure 2.15 [105]. The 

most common state is tungsten trioxide, which in turn, includes hydrated (WO3.nH2O) and 

anhydrous (WO3) form. It has even been shown that the number of water molecules in the structure 

affects the catalytic activity, particularly in oxidation reactions [122]. Furthermore, WO3 can 

crystallize in many polymorphs with various crystal structures such as monoclinic, orthorhombic, 

and tetragonal. Moreover, peroxotungstic acid or hydrated tungsten peroxide is another interesting 

tungsten oxide-based structure that has shown great potential for catalytic applications. 

Applications of the tungsten containing materials in heterogenous catalytic oxidation 

reactions have been nicely and recently reviewed [123]. However, this review does not cover 

polyoxotungstates, which are another type of tungsten oxide-based catalysts increasingly attracting 

interest nowadays. In what follows, we will discuss about this type. 
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Figure 2.15. Amazingly colorful world of the tungsten oxides: yellow WO3, blue WO2.9, violet WO2.72, brown 

WO2, and gray W metal [105]. 

2.4.2 Fundamentals of polyoxometalate catalysis 

Polyoxometalates or their more descriptive synonym heteropoly oxoanions are polymeric 

oxoanions formed by condensation of more than two different oxoanions, which can give hetero 

poly acids. In contrast, isopolyanions are composed of one kind of oxoanions, which their acid 

forms are called isopoly acids. In fact, although the words POM and HPA (heteropoly acid) are 

inadvertently being used instead of each other, it should be noticed that a HPA is the acid form of 

its corresponding POM, and vice versa, a POM is the conjugate anion of HPA. 

Despite some disagreement over the history of POMs, majority of the literature cites 

Berzelius, who reported the preparation of ammonium 12-molybdophosphate in 1826, as the 

pioneer of heteropoly compounds science. About 40 years later, however, the first tungsten-based 

heteropoly compound, 12-tungstosilicic acid, was discovered in 1862 by Marignac. The full history 

of POMs and their progress are available in several reviews and books (e.g. [124,125]), and hence 

would be redundant here. Over the years, with the better understanding of POMs chemistry, various 

structures were discovered, which are summarized in Table 2.8. Further information on details of 

POMs structures are available in numerous papers and books (e.g. [126,127,124,128]). 

Although some POMs with Dawson, Anderson, Allman-Waugh, and, less known, Preyssler 

structures have been also examined as catalyst, most of the heteropoly oxometallate catalysts are 
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of Keggin structure, which has been reported for the first time in 1934 by Keggin [129], most likely 

because of higher thermal stability and ease of synthesis of this structure compared to others [130]. 

The Keggin cluster of POMs has the general formula HnXM12O40, in which X is the heteroatom (X 

has been known to be from the p-block of the periodic table (e.g., P, Si, Ge, As), but nowadays is 

not restricted to them), and M is the addenda atom (mainly W, Mo, and V). 

Table 2.8. Different structures of polyoxometalates. 

Name General formula 1 X (typical examples) Structure 

Keggin XM12O40
n- P5+, As5+, Si4+, Ge4+ 

 

Dexter-Silverton XM12O42
n- Ce4+, Th4+ 

 

Dawson X2M18O62
n- P5+, As5+ 

 

Allman-Waugh XM9O32
n- Mn4+, Ni4+ 

 

Anderson (type A) XM6O24
n- Te6+, I7+ 

 

1. M = MoVI, WVI, VV, VI etc. 

 

Heteropoly compounds are progressively attracting interest in catalysis science particularly 

in the last decade. Widely tunable physical and chemical properties of POMs at molecular level 

have been the subject of extensive research in recent years giving them promise for applications in 

various fields such as medicine, material science, photochromism, electrochemistry, magnetism as 

well as catalysis. Their strong acidity has tempted the researchers to examine their efficiency in the 

reactions currently catalyzed by conventional acids (e.g. H2SO4 and AlCl3) such as Friedel-Crafts, 
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esterification, hydration, hydrolysis, and acetalization, where the problems associated with use of 

conventional acids like high toxicity, catalyst waste, corrosion, difficulty of separation and 

recovery have provided a controversial challenge, nowadays. On the other hand, POMs are more 

thermally and oxidatively stable to oxygen donors in comparison with other organometallic 

complexes [131]. 

Interestingly and uniquely, the key properties of POMs like acidity, redox capability, and 

solubility in water or polar solvents can be readily and stably tuned to enhance their efficiency for 

specific purposes. Such structure modifications are generally carried out at molecular or atomic 

level by removing one or more constituent transition metal atoms giving the parent POM a defected 

structure, so-called lacunary structure, and then, incorporation of another transition metal(s) into 

the structure. According to this, different metal-oxygen clusters of POMs containing several early 

transition metals such as tungsten, molybdenum, vanadium, niobium, tantalum, iron, cobalt, nickel, 

copper, titanium, zinc, manganese and even lanthanoid metals (Gd, Eu, Yb, and Lu [132]) have 

been reported up to now in two forms of heterogeneous solid catalysts and homogeneous solution 

catalysts, which have been widely reviewed for general [133,125,134-136] or specific [137-140] 

catalytic applications. In 1983, when the number of known structures of POMs was not even as 

much as now, Pope noted in his inspiringly famous book “Heteropoly and Isopoly Oxometalates” 

that POMs have been prepared with more than 65 elements as the central atom (in Pope’s 

terminology the heteroatom) [127,128].  

 

2.4.3 Polyoxotungstates 

Among all the mentioned transition metals, a great deal of attention has been paid to 

tungsten, since its heteropoly compounds have shown considerable superiorities, especially in 

heterogeneous form in terms of acidity, thermal stability, and hydrophobicity, in comparison with 

the other metals [126,131] [130].  Hereafter, W-based HPA and POM are designated as heteropoly 

tungstic acid (HPTA) and polyoxotungstate (POT), respectively (which can be used roughly 

instead of each other). POTs can be easily prepared and polymerized by dehydration from tungstate 

and a heteroatom oxoanion in acidified aqueous solution. Equation 2.2 indicates the formation of 
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phosphotungstate, the most common POM, from tungstate and phosphate under controlled 

temperature and pH:  

12𝑊𝑂4
2− + 𝐻𝑃𝑂4

2− + 23𝐻+ → (𝑃𝑊12𝑂40)
3− + 12𝐻2𝑂                                           (2.2) 

Generally, HPTAs are soluble in water and polar solvents, and thus, form homogeneous 

catalytic systems in many reactions involving such solvents. Although the overwhelming majority 

of such homogeneous catalytic systems have demonstrated better efficiency than their 

heterogeneous counterparts, especially in organic transformations where heterogeneous systems 

possess poor reactant/catalyst contact arising from pore diffusion limitations and mass transfer 

resistance, the use of homogeneous systems in large-scale may not be in line with sustainable 

chemistry due to lack of catalyst reusability. This gave rise to the rapid development of 

heterogenization of originally homogenous W-based heteropoly compounds. Interestingly, solid 

POT catalysts have exhibited unique pseudo-liquid phase properties in liquid organic reactions, 

particularly in the presence of highly polar and small size substrates, which enables them with good 

catalytic efficiency despite their generally non-porous structures [141-143]. Moreover, compared 

to the other solid acids, heterogenous HPTAs have shown excellent water-tolerant properties [131], 

which hold a promise for their application in the reactions involving water such as hydrolysis, 

hydration, esterification, and acetalization where a major problem in the use of solid acids is the 

poisoning of acid sites by water resulting in loss of their catalytic activities. Additionally, relatively 

low thermal stability of HTPAs leading to difficult catalyst regeneration process, which had 

influenced their application to some extent, has been overcame by offering some approaches such 

as developing novel HTPAs enjoying high thermal stability, modification of HTPAs to enhance 

coke combustion, preventing coke formation on HTPAs during the reaction, employing 

supercritical fluids as the reaction medium and cascade reactions using multifunctional HTPA 

catalysis [144]. 

So far, solidification of HPTAs have been done mainly via substitution of some protons of 

their structure by inorganic cations, grafting functional organic species to POTs, and 

immobilization of HPTAs on supports. Occasionally, these strategies have been exploited 

simultaneously to fabricate a heterogeneous POT, in which, it is difficult to clearly determine which 

part shoulders the responsibility for heterogenization (inorganic cation or organic species or 

support). In what follows, we have tried to review all of the recent works on heterogeneous POM-
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based catalysts made of W as central atom. Herein, different solid POT catalysts are classified 

based on the heterogenization strategy, which will be investigated in sections 2.4.3.1-6, along with 

their applications in liquid phase organic reactions. The target reactions, although include a variety 

of liquid organic reactions, can be conveniently categorized into two general groups, acid catalysis 

and oxidation reactions. In order to enable a better comparison and outlook, the reported works in 

the literature have been tabulated in the following sections (Tables 2.9-2.16).  

 

2.4.3.1 Inorganic cation substituted solid POTs 

Substitution of protons by a cation with appropriate size, amount, charge, and 

hydrophobicity could result in insoluble solids, provided that the substituted cation can make strong 

ionic interactions with POT. About three decades ago, Moffat et al. reported synthesis of 

microporous POT catalysts using salts of heteropoly compounds with different monovalent cations 

[145]. To date, cations such as Cs+, Na+, K+, NH4
+, Ag+, Sn2+, Zn2+, Bi3+, Mn2+, Co2+, and Cu2+ 

have successfully substituted protons of the homogeneous POTs to heterogenize them. They are 

listed in Tables 2.9, 2.10, and 2.11. Although the synthesis of solid POT catalysts would attract 

more scientific and industrial attention when associated with a practical application in a typical 

reaction, tuning the properties of solidified POTs with inorganic cations has been the sole subject 

of several articles for many years (Table 2.9). Tables 2.10 and 2.11 list the works in this field, 

including applications in acid catalysis and oxidation reactions, respectively. 

Extensive researches have focused particularly on caesium cation, most likely because of 

its unique effects not only on the solubility but also on surface area, pore structure and surface 

acidity of the resultant POT [131]. Professors Okuhara, Mizuno and Misono and their colleagues 

have thoroughly investigated the changes in catalytically important aspects of Cs+ substituted 

phosphotungstic acid (PTA) in their inspiring works [131,146-148]; water soluble PTA was 

converted to a water-tolerant acid catalyst (CsxH3-xPW12O40), the hydrophobicity of which is even 

higher than silica-alumina and some zeolites [131] and, interestingly, its catalytic features could be 

well tuned via varying the amount of Cs+ cations. Changing the pore structure from ultramicropores 

(pore width 0.43 to 0.50 nm) in Cs2.1H0.9PW12O40 to mespopores in Cs2.5H0.5PW12O40 enables 
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shape-selective catalysis properties. More importantly, upon incorporation of Cs+ in PTA, the 

surface area slightly decreased from 6 m2/g at x=0 to 1 m2/g at x=2, but further increasing the Cs+ 

content to x=3 surprisingly increased the surface area to 156 m2/g [147]. Figure 2.16 shows the 

surface area as well as surface concentration of acid sites of CsxH3-xPW12O40 as a function of Cs+ 

content [131,148]. 

 

Figure 2.16. Surface area and acidity of CsxH3-xPW12O40 as a function of Cs+ content [131,148]. 

As Figure 2.16 shows, the surface acidity (number of protons on the surface), which was 

determined by IR spectroscopic studies of CO adsorption at 110 K, reached a maximum at x=2.5. 

This remarkably high surface acidity along with the reported higher acid strength of 

Cs2.5H0.5PW12O40 (abbreviated as Cs2.5), measured by microcalorimetry of NH3 adsorption and 

TPD of NH3, compared to the common solid acid catalysts (e.g. H-ZSM-5 and SiO2-Al2O3) 

[149,147] have proposed Cs2.5 as a superior solid acid catalyst. Recently, a great deal of attention 

has been paid to catalytic applications of Cs2.5, particularly in acid catalysis reactions (Table 2.10). 

Cs3, in spite of its weaker acidity compared to the more known Cs2.5, has been also investigated 

as support for Ru nanoparticles in conversion of cellobiose and cellulose into sorbitol in aqueous 

medium [150]. 

Silicotungstic acid is another POT that has been heterogenized by substitution of Cs+ 

cations [151-153]. For example, Pesaresi et al. have reported the synthesis of CsxH4-xSiW12O40 and 

its application for C4 and C8 triglyceride transesterification and palmitic acid esterification with 
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methanol [153]. The degree of heterogenization strongly depends on the amount of caesium 

cations: at lower Cs content (x ≤ 0.8) these catalysts showed partially homogeneous properties, 

while at higher Cs loading they exhibited entirely heterogeneous properties.  
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Table 2.9. Inorganic cations substituted POTs for general catalytic purposes. 

Entry 
Counter-

cation 
IC-substituted POT 1 Remarks Ref. 

1 

Cs+ 

Cs2.5H0.5PW12O40 
- Meso- and microporous structure of the POT have been examined. 

- Presence of very strong acidic sites on the POT has been indicated. 
[147] 

2 Cs3PW12O40 

- Self-organization of the POT nanocrystallites has been successfully controlled by the changes in the synthetic 

temperatures and countercations (Cs+, Ag+, and NH4
+). 

- Formation and growth mechanism of the POT particles have been investigated. 

[154] 

3 

NH4
+ 

(NH4)3PW12O40 

- “Sponge crystals” of the POT have been defined as molecular single crystals including continuous voids 
originating from series of neighboring vacancies of the constituent large molecules, which has afforded nanospaces in 

the crystals. 

- Changing the synthesis temperature, the POTs with high surface areas, ranging from 65 to 116 m2/g, have 
been prepared.  

[155,156] 

4 (NH4)3PW12O40 

- Self-organization of the POT nanocrystallites has been successfully controlled by the changes in the synthetic 

temperature and countercation (Cs+, Ag+, and NH4
+). 

- Formation and growth mechanism of the POT particles have been investigated. 

[154] 

5 Ag+ Ag3PW12O40 

- Self-organization of the POT nanocrystallites has been successfully controlled by the changes in the synthetic 

temperature and countercation (Cs+, Ag+, and NH4
+). 

- Formation and growth mechanism of the POT particles have been investigated. 

[154] 

1. IC: inorganic cation 
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Table 2.10. Inorganic cations substituted POTs for acid catalysis reactions. 

Entry 
Counter-

cation 
IC-substituted POT Reaction Remarks Ref. 

1 

Cs+ 

Cs2.2H0.8PW12O40 
decomposition of ester, dehydration of alcohol, 
and alkylation of aromatics 

- Pore size of the POT was precisely controlled by Cs+ content. 

- This POT was reported as the first example of shape-selective 

catalysis by solid superacid in liquid organic reaction. 

[148] 

2 CsxH4-xSiW12O40 
Transesterification of C4 and C8 triglycerides 
and esterification of palmitic acid  

- Changing the homogeneous properties of the POT to 

heterogeneous properties by increasing Cs+ content has been investigated. 
[153] 

3 Cs2.5H0.5PW12O40 
Microwave-assisted transesterification of 

yellow horn oil  

- Optimizing the reaction conditions, the POT has been shown to 

be an efficient catalyst for production of biodiesel-fuel by means of 

microwave irradiation.  
[157] 

4 
CsxH3−xPW12O40 

(x=1, 1.5, 2, 2.5, 3) 
Ultrasound-assisted transesterification of crude 
Jatropha oil 

- Changes in the POT properties and catalytic activity have been 

investigated.  
[158] 

5 Cs2.5H0.5PW12O40 
cycloaddition of crotonaldehyde to 

monoterpenic alkenes 
- - Catalytic activity of the POT has been compared with silica-

supported HTPA (H3PW12O40). 
[159] 

6 Cs3PW12O40 
Conversions of cellobiose and cellulose 

into sorbitol in water  
- Ru nanoparticles have been supported on the POT, which 

despite of not having strong acidity, was efficient catalyst. 
[150] 

7 Cs2.5H0.5PW12O40 Glycerol acetalization with formaldehyde 
- Catalytic activity of the POT has been compared with that of 

periodic mesoporous organosilicas, zeolite ZSM-5, and commercial 
catalyst Amberlyst-15, which showed superiority. 

[160] 

8 
Cs2HPW12O40 

Cs3HSiW12O40 

Carbonylation of dimethyl ether to methyl 

acetate  

- The POT was modified by adding Rh to its structure, which 

greatly increased the conversion because a multiplier effect occurred 

between Rh and the POT. 

[151] 

9 Cs2.5H0.5PW12O40 

Synthesis of xanthenedione derivatives from 

aldehydes  
 

- CS2.5 has been employed for the first time for synthesis of 1,8-

dioxo-octahydroxanthenes by the reaction of aldehydes with 1,3-

cyclohexanedione/dimedone, and exhibited high yields of products and 
short reaction time. 

[161] 

10  Cs2.5H0.5PW12O40 
Thioacetalization and transthioacetalization 

reactions 
- The POT was an effective catalyst with high selectivity. [162] 

11  
Cs2.5H0.5PW12O40 

Cs3.5H0.5SiW12O40 

Production of methyl tert-butyl ether (MTBE) 

from methanol and tert-butyl alcohol  

- The Cs substituted POTs exhibited higher activity compared to 

the parent POTs and activated carbon supported POTs, which was 
discussed from kinetic viewpoints. 

[152] 

12 Ag+ 
AgxH4−xSiW12O40 

x= 0, 1, 2, 3, and 4 
Transformation of alkynyloxiranes to furan - Ag content to reach good catalytic efficiency was optimized.  [163] 
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13 Ag3PW12O40 
Conversion of fructose and glucose into 5-
hydroxymethylfurfural 

 

- The POT was tolerant to high concentration feedstock, and 
showed environmentally benign properties with double acidity. 

[164] 

14  Ag3PW12O40 Intermolecular hydroamination of olefins 
- Compared to the parent HPTA, the synthesized POT exhibited 

lower catalytic efficiency. 
[165] 

15 

Na+ 

H14[NaP5W29MoO110]  

Different functional groups protective 

reactions such as tetrahydropyranylation of 
phenol and alcohols, acetylation of alcohols, 

phenols, amines and thiols with Ac2O, 

trimethylsilylation of phenols and alcohols 

- The Mo-substituted Preyssler structure POT has shown higher 

activity than Keggin or Wells Dawson heteropolyacids due to its higher 

number of acidic protons. 

[166] 

16 
Na8H[PW9O34] 

 

Knoevenagel condensation and cyanosilylation 

of various aldehydes and ketones and the 

synthesis of benzoxazole derivatives 

- The POT could catalyze the reactions at 25 °C under mild 
conditions in chloride-free solvents. 

 

[167] 

17 

K+ 

K2.2H0.8PW12O40 Esterification of 2-keto-L-gulonic acid 
- The POT showed good catalytic activity (slightly lower than 

that of homogeneous HPTA). 
[168] 

18 
KxH3−xPW12O40 

(x= 2 and 2.5) 

Dehydration of ethanol 

 

- The POTs have exhibited higher reactivity than HPTA. 

- Thermal stability of the POTs in x=2.5 is higher than x=2. 
[169] 

19 

NH4
+ 

(NH4)3PW12O40 Intermolecular hydroamination of olefins 
- Compared to PTA, the POT exhibited lower catalytic 
efficiency. 

[165] 

20 (NH4)2HPW12O40 
Thioacetalization and transthioacetalization 
reactions 

- The POT was an effective catalyst with high selectivity. [162] 

21 Sn2+ 
Snx[H3PW12O40] 

(x= 0.5, 1, and 1.5) 
Benzylation of arenes with benzyl alcohol 

- Dependency of the catalytic activity on Sn2+ content has been 
investigated 

[170] 

22 Zn2+ Zn1.2H0.6PW12O40  
 

Esterification of palmitic acid 

and transesterification of waste cooking oil 

 

- The POT has shown superior catalytic activity compared to 
HTPA due to introduction of Lewis acid sites by partial exchange of H+ by 

Zn2+, high acid strength by Lewis site-assisted Brønsted sites, a high 

surface area, and nanostructure. 

[171] 

23 Bi3+ BiPW12O40 Esterification of oleic acid with n-butanol 
- In addition to BiPW, other metal salts of PTA were synthesized 
including LaPW, CuPW, AlPW, FePW, and SnPW, however, the most 

efficient catalyst was bismuth salt of PTA. 

[172] 

 

Table 2.11. Inorganic cations substituted POTs for oxidation reactions. 

Entry 
Counter-

cation 
IC-substituted POT Reaction Remarks Ref. 

1 K+ K6[PW9V3O40] 
Ammoximation of different ketones 

and aldehydes 
- The V-substituted POT has been proved 

to be heterogeneous in isopropanol and recyclable. 
[173] 

2 
Mn2+ 
Co2+ 

Cu2+ 

{[M2(H2O)6][Mn4(H2O)16][WZn(Mn(H2O))2(ZnW9O34)2]}·10H2O 

(M = CoII and CuII) 

Oxidative aromatization of Hantzsch 

1,4-dihydropyridines 

- The POT-based solid was prepared by 

using {Mn2Zn3W19} as a building block and MnII 

cation as a connecting node. Induced by Co2+ and 
Cu2+ and solvent molecules, this solid was 

transformed into the final interesting 3D solid 

framework. 

[174] 
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Substitution of some other inorganic cations including Na+, K+, NH4
+, Ag+, Sn2+, Zn2+, Bi3+, 

Mn2+, Co2+, and Cu2+ into the POTs structures in order to heterogenize them have been also 

documented, but not as much as cesium (please see Tables 2.10 and 2.11). As these Tables show, 

this class of solidified POT catalysts are more interesting for acid catalysis reactions compared to 

oxidation reactions, most probably because of their high and tunable acidity. 

 

2.4.3.2 Organo-solidified POTs 

Parallel to the intrinsically interesting properties of POMs, succinctly summarized in 

section 2.4.2, their potential for functionalization via organic compounds is a tremendous impetus 

that has pushed working and research on POMs in the last ten years. Such functionalization has 

been found compulsory for implementation of POMs to some, mainly new, applications, since 

organo-modified POMs render several opportunities for facile integration of POMs into functional 

architectures and devices that original POMs cannot [175]. This gives an additional firm rise to 

push the essentially attractive area of organic-inorganic hybrid materials to be applied in POMs 

preparation. 

In the field of catalysis, employing hybrid organic-inorganic polyoxometallate-based 

catalysts is currently a hot topic being enthusiastically and rapidly explored, not only for 

heterogenization purposes, but also for their versatilities in liquid organic reactions arising from 

the wide variety of organic groups and proper adjustment of the surface state. Indisputable merits 

of exploiting organic species in POTs structures are increasing catalyst hydrophobicity, and thus, 

preventing (i) aggregation of catalyst particles, and (ii) poisoning of acid sites by H2O in water-

involving reactions. On the other hand, functionalization and even post-functionalization of POTs 

with organic moieties are currently performed under either hydrothermal condition benefiting from 

a simple, often one-pot, procedure or mild synthetic conditions complying with the principles of 

“Chimie Douce” [176-178]. Given the aforementioned positive features and comparatively huge 

number of recent publications in this domain, incorporation of organic groups into the structure of 

POMs has been the sole subject of several recent review papers [177,179-183,175,184-186]. 
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Different techniques developed for design and synthesis of organic-inorganic hybrid POM 

compounds have been widely investigated. Abridgedly, they have been categorized into two classes 

based on the nature of interactions between organic and inorganic parts: non-covalent and covalent 

POT-organic hybrids. In these two classes, many organic compounds have been encapsulated into 

POTs structures to modify its heterogeneous catalytic properties such as surfactants, especially 

nitrogen containing ones, amines, ionic liquids, etc. With the aid of crystal engineering and 

supramolecular cooperation, although the first group has been more deeply investigated [187-189], 

most probably due to its comparatively convenient fabrication, the second group is currently 

undergoing a rapid development not only because of some unavoidable drawbacks of the first group 

(e.g. catalyst leaching despite appreciable stability in the reaction media), but also because of the 

undisputed advantages of covalently linked hybrids such as fine control of the interaction between 

the components resulting in enhancement of synergistic effects, better dispersion of POMs in 

matrices, and, most importantly, higher and more lasting stability of the assembly. 

The first class, non-covalent hybrids, encompasses those hybrids with electrostatic 

interactions, hydrogen bonds or van der Waals forces. The most distinguished example of this 

group is organic cation substituted POMs; the anionic character of POMs renders the exchange of 

their counter cations feasible. As mentioned before, POTs are originally soluble in water and polar 

solvents, while generally metal oxides are not. Since complete dissolution and solvolysis of the 

components to give charged species are required for formation of ionic bonding, POTs, unlike the 

metal oxides, are capable to electrostatically interact with positively charged solutes, resulting in 

facile incorporation of inorganic and organic cations into the structures of POTs. Organic cations 

in ionic liquids have attracted a large attention to act as counter-cation pairing with POT anions 

since 2004 [190,191]. This attention arises not only from the ease of synthesis procedure, but also 

from increasing interest in ionic liquids due to their unique properties such as low melting point, 

non-volatility and flammability, and ionic conductivity. These interesting features, firstly, rendered 

the resultant POT-organic hybrid efficiently applicable in electrochemical processes and 

practically applicable in surface and interface science through fabrication of self-assembled films 

(e.g. layer-by-layer (LbL) or Langmuir-Blodgett (LB) films) [192,186]. Many works have then 

been done on the preparation of catalytically active solid POT-organic hybrids out of ionic liquids. 

Hydrogen bonding in fabrication of POM-organic hybrids based on non-covalent interactions has 
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been also reported, like what was obtained in linking proteins to POMs [193,194], however, the 

overwhelming majority of the non-covalent interactions involve ionic bonding.  

The second class contains those hybrids in which organic and inorganic parts are connected 

via strong covalent or iono-covalent bonds. These hybrids are usually formed either by substitution 

of an oxo group of the POMs by an organic ligand or approaching electrophilic organic components 

to the nucleophilic surface oxygen atoms of POMs. Undoubtedly, this class of organo-modified 

POTs is more stable due to the stronger interactions between the organic and inorganic parts. 

However, fabrication of their assemblies often involves sophisticated functionalization. The first 

step is removing one or more addenda atoms and their attendant oxide ions from the structure, 

giving lacunary structure. Then, organic moieties can be grafted to the organometallic compounds 

of lacunary POT clusters (Scheme 2.9). Different strategies for the second step have been employed 

based on functionalization and/or post-functionalization of POTs (Figure 2.17), which have been 

nicely investigated and compared in a critical review paper presented by Proust et al. [175]. 

 

Scheme 2.9. Schematic view of preparation of covalent POT-organic hybrids [186]. 

Some of the previously mentioned review papers on organo-modification techniques of 

POMs have covered their catalytic aspects also as a subsection, however, particular focus that 

thoroughly covers the catalytic applications of POM-based organic-inorganic hybrids has been less 

documented [179,183,184]; Nlate and Jahire presented a microreview on dendritic POM-based 

hybrid catalysts for oxidation reactions, which although efficient and recoverable, are categorized 
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under homogeneous catalysis [183], while the other two references addressed heterogeneous 

catalysis by organic-inorganic hybrids POMs [179,184]. Herein, we have listed the catalytic 

applications of organo-solidified W-based POMs (POTs), to encourage exploiting the inherently 

interesting properties of tungsten, succinctly mentioned in section 2.4.1, and heterogeneous 

organo-modified POMs, simultaneously, which could be advantageous to be employed in several 

organic liquid reactions. Tables 2.12 and 2.13 summarize the organo-modified POT catalysts with 

their applications in acid catalysis and oxidation reactions, respectively.  

 

Figure 2.17. Different strategies for preparation of covalent POT- organic hybrids. Path (i): direct functionalization, 

paths (ii, iii): post-functionalization. The lacunary POM is represented in blue, while the anchoring tether is lilac and 

the added functional moiety (F) is beige [175]. 

One of the most common and unique advantages of organo-solidified POTs is their 

improved compatibilities with the liquid medium of organic reactions, resulting in not only 

comparable and even sometimes superior, catalytic efficiencies to the corresponding homogeneous 

POTs, but also self-separation performance at the end of reaction. Intriguingly, the organic-POT 

hybrid catalyst is capable to change its heterogeneous behavior during liquid-phase organic 

reactions; in the beginning of reaction, it is obviously a solid catalyst in the reaction mixture, which 

would then turn into pseudo-homogeneous system during the reaction, often upon heating. 

Afterwards, the reaction mixture keeps a pseudo-liquid phase until the end of reaction, when the 

catalyst starts to precipitate, often upon cooling down to room temperature (Scheme 2.10). This 

enables self-separation and easy recovery of the organo-solidified POT catalyst. 

Leclercq et al. have stabilized pickering emulsion medium for oxidation reactions by using 

[C12]3PW12O40 in the presence of water and an aromatic solvent (Figure 2.18). Combining the 

advantages of biphasic catalysis and heterogeneous catalysis in such catalytic emulsions made 
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separation of the products easy and prevented catalyst leaching [195]. Mizuno et al. have reported 

preparation of a size-selective catalyst via organo-modification of the POT silicodecatungstate by 

tetrabutylammonium, which was synthesized through a bottom-up approach. The resultant hybrid 

gave excellent catalytic activity because of the high mobility of the catalyst in the solid bulk and 

easy cosorption of the substrate and oxidant, H2O2 (Figure 2.19) [196]. 

 

Scheme 2.10. Schematic diagram of a typical organic liquid-phase reaction over organic-POT hybrids with self-

separation performance. 

 

Figure 2.18. a) Macroscopic views of the water/toluene/[C12]3[PW12O40] system before emulsification, during the 

reaction, and after centrifugation (from left to right). b) Schematic representation of the catalytic epoxidation of 

olefins inside this emulsion [195].  
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Table 2.12. Organo-solidified POTs for acid catalysis reactions. 

Entry Organic source POT-organic hybrid Reaction Remarks Ref. 

1 Amino acid: lysine 

(ly)xH3−xPW12O40 

x= 1, 2 
 

Transesterification of triglycerides and 

esterification of free fatty acids 

- The POT is an acid-base bifunctional 

nanocatalyst, which allowed acid–base tandem 

conversions in one – pot. 

- The acidic or basic strength could be modulated 
by changing the ratio of HTPA anion to amino acid 

[197] 

2 
Organosulfate surfactant: 

dodecyl sulfate 

 Cr[(DS)H2PW12O40]3 

(DS: OSO3C12H25 dodecyl sulfate) 
Conversion of cellulose into HMF  

- Good catalytic activity of the POT was mainly 

attributed to double Brønsted and Lewis acidities, and the 

micellar structured catalytic system with hydrophobic 
groups. 

[198] 

3 
Quaternary ammonium 

surfactant: CTAB [C16H33N(CH3)3]H2PW12O40  
Hydrolysis of polysaccharides into 

glucose 

- The POT was designed to form a micellar 

catalytic system, which gave good efficiency toward 

production of glucose.  

[199] 

4 Ionic liquid 

[MIMPS]3PW12O40 

[PyPS]3PW12O40 

[TEAPS]3PW12O40 

Esterification of free fatty acids 

- The POT showed high catalytic activity, self-

separation, and easy reuse.  

- Good solubility in reactants, nonmiscibility 
with ester product, and high melting point of the POT 

enable the reaction-induced switching from homogeneous 

to heterogeneous with subsequent precipitation of the 

catalyst. 

[200,
201] 

5 Ionic liquid [TPSPP]3PW12O40 Esterification of free fatty acids 

- High efficiency of the POT came from its 

pseudo-liquid phase behavior, phase transfer phenomena, 
and stabilization effect of the heteropolyanion on 

carbonium ionic intermediates. 

[202] 

6 Ionic liquid  [MIM-PSH]xH3–xPW12O40 

x: 1 to 3 
Esterification of palmitic acid 

- Superior catalytic efficiency of the POT arose 

from better super-acidity and lower molecular transport 
resistance of catalyst. 

[203] 

7 Ionic liquid 
[NMP]3PW12O40 

 

Prins cyclization of styrene with form

alin 

- Excellent catalytic performance of the POT was 
because of its pseudo-liquid behavior and stabilization 

effect of carbonyl in amide on protonated formaldehyde of 

the reaction intermediate, together with its solid nature and 
insolubility. 

[204] 

8 Ionic liquid [MIMPS]3PW12O40 
Beckmann rearrangements of 
ketoximes 

- Using ZnCl2 as cocatalyst, the POT was highly 

efficient and recoverable. 
[205] 

9 Ionic liquid [DPySO3H]1.5PW12O40 

Beckmann rearrangement of 

cyclohexanone oxime 
 

- In the absence of environmentally harmful 

cocatalyst ZnCl2, the POT was highly efficient and 

recoverable. 

[206] 
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10 Ionic liquid 

[PyBS]3PW12O40 

[TEABS]3PW12O40 

[MIMBS]3PW12O40 

[PyBS]4SiW12O40 

[TEABS]4SiW12O40 

[MIMBS]4SiW12O40 

Transesterifications of 
trimethylolpropane 

- The [PyBS]3PW12O40 POT acted as 
homogeneous catalyst during the reaction which upon 

cooling down at the end of reaction, became solid enabling 

self-separation performance.  

[207] 

11 Ionic liquid [MIMBS]3PW12O40 
Conversion of furfuryl alcohol into 

alkyl levulinates 
- The POT was highly efficient and recoverable. [208] 

12 Ionic liquid [TMEDASO3H]1.5PW12O40 

Conversion of fructose into 5-

hydroxymethylfurfural (HMF) and 

alkyl levulinate  

- The POT could perform one-pot conversion of 

fructose into HMF and alkyl levulinate. 

- Catalytic activities of the POTs followed the 

order of their acid strength. 

[209] 

13 Ionic liquid [PySaIm]3PW12O40 Knoevenagel condensation 
- The acid–base bifunctional POT provided a 

controlled nearby position for the acid–base dual sites. 
[210] 

14 Ionic liquid 
PEG-2000 chain-functionalized 

alkylimidazolium H3PW12O40 

Esterification of alcohols and 

aldehydes 

- Emulsion was formed between the POT and 
substrates during the reaction promoting catalytic process, 

which, after reaction, was broken by addition of a weakly 

polar organic solvent to facilitate separation of the POT.  

[211] 

15 Organozirconium complexes 

 [(n-C4H9)4N]6[α-
PW11Al(OH)O39ZrCp2]2 

[(n-C4H9)4N]6[α-

SiW11Al(OH)2O38ZrCp2]2·2H2O 
(Cp = η5-C5H5

−)  

Esterification of fatty acids with 
methanol 

- The P containing POT exhibited higher activity 
than the Si containing one, due to its Lewis acidity; fatty 

acids interacted with the Lewis acid sites in the catalysts. 

[212] 

16 
Cationic Al(III)-Schiff base 
complex (Al(III)–salphen) 

[Al(salphen)(H2O)2]3[α-
PW12O40]·mC8H10·nCH3COCH3  

Pinacol rearrangement 
- The organo-modified POT exhibited higher 

activity than its parent components, arising form synergetic 
effect of Al(III)-salphen and POT in a porous framework. 

[213] 

TPSPP: triphenyl(3-sulfopropyl)phosphonium 

MIM-PS: zwitterion 3-(1-methylimidazolium-3-yl) propane-1-sulfonate 

NMP: N-methyl-2-pyrrolidonium 
DPySO3: N,N′-di(3-sulfopropyl) 4,4′-dipyridinium 

MIMBS: methylimidazolebutylsulfate 

PySalm: 1-(2-salicylaldimine)pyridinium 
Salphen = N,N‘-phenylenebis(salicylideneimine) 
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Table 2.13. Organo-solidified POTs for oxidation reactions. 

Entry Organic source POT-organic hybrid Reaction Remarks Ref. 

1 

Quaternary ammonium 

surfactant: 

tetra-n-butylammonium 

 [(n-C4H9)4N]4[γ-SiW10O34(H2O)2]. 

H2O  

Size-selective oxidation of various 

organic substrates, including olefins, 

sulfides, and silanes with H2O2 

- The nonporous POT has been synthesized via a 
bottom-up approach, which gave good catalytic activity 

because of high mobility of the catalyst in the solid bulk 

and easy cosorption of the substrate and oxidant.  

[196] 

2 

Quaternary ammonium 

surfactant: 

tetra methylammonium 
Tetra-n-propylammonium 

tetra-n-butylammonium 

tetra-n-pentylammonium 

[(CH3)4N]4[γ-SiW10O34(H2O)2] 

[(n-C3H7)4N]4[γ-SiW10O34(H2O)2] 

[(n-C4H9)4N]4[γ-SiW10O34(H2O)2] 

[(n-C5H11)4N]4[γ-SiW10O34(H2O)2]  

Epoxidation of alkenes 
(propene and 1-hexene) 

- High catalytic activity of the POT arises from 

flexibility of crystal structures of the POT, and high 

mobility of alkylammonium cations resulting in uniform 

distribution of reactant and oxidant molecules throughout 

the solid bulk of the catalyst. 

- Not only atomic structures of the active sites but 
also the structures and dynamics of the surroundings is 

important for the design and synthesis of highly active 

POT. 

[214] 

3 

Quaternary ammonium 

surfactants with varying alkyl 
chain length: 

DDA, TDA, HAD, and ODA 

(DDA)3PW12O40 

(TDA)3PW12O40 

(HDA)3PW12O40 

(ODA)3PW12O40 

Oxidative desulphurization of 
dibenzothiophene with H2O2 

- The mesostructured POT was highly efficient 

due to presence of long alkyl chains on its surface that 

provided suitable hydrophobic-hydrophobic properties and 
polarity resulting in better adsorption of the substrate 

sulfide molecules and desorption of the products sulfones. 

[215] 

4 
Quaternary ammonium 

surfactant: CTAB [C16H33(CH3)3N]4H2SiV2W10O40  
catalytic wet peroxide oxidation 

(CWPO) of phenol 

- High performance of the POT catalyst was 

attributed to: (i) micellar structure formed by surfactant and (ii) 

catalytic center H2SiV2W10O40
4−.  

[216] 

5 

Quaternary ammonium 

surfactants with varying alkyl 

chain length: 
DA, DDA, and TDA 

[Cn]3PW12O40 

n= 10, 12, 14 

 

Epoxidation of olefins with H2O2 

- The (DDA)3PW12O40 POT formed a Pickering 

emulsion in the presence of water and an aromatic solvent, 
which is particularly efficient for the epoxidation of 

olefins. 

[195] 

6 

Quaternary ammonium 

surfactants with varying alkyl 
chain length: 

DDA, TSA, and DODA 

(DDA)9LaW10O36 

(TSA)9LaW10O36  

(DODA)9LaW10O36 

Oxidative desulphurization of 
dibenzothiophene with H2O2 

- Alkyl chains on surface of the amphiphilic POT 

adsorbed weakly polar sulfide by hydrophobic-

hydrophobic interactions, where they were oxidized to 

sulfones by active POT species.  

[217] 

7 Ionic liquid [PSPy]3PW12O40 

Oxidative desulphurization of 

dibenzothiophene (DBT), 4,6-

dimethyldibenzothiophene (4,6-

DMDBT), and benzothiophene (BT) 

with H2O2 

- Catalytic oxidation activity of the sulfur-

containing compounds occurred in the following order: 

DBT > 4,6-DMDBT > BT 

[218] 

8 Ionic liquid 

[BuPyPS]3PW12O40 

[PhPyPS]3PW12O40 
[BzPyPS]3PW12O40 

Oxidation of thioethers and 

thiophenes and desulfurization of 
model fuels 

- The POTs showed thermoregulated phase-
separable behavior in the reaction. 

- Temperature-dependent solubility of the POTs 

as a function of the organic cation in water was studied. 

[219] 

9 Ionic liquid 
[HDIm]2[{W=O(O2)2}2(μ–O)] 

[HHIm]2[{W=O(O2)2}2(μ–O)] 
Epoxidation of olefins 

- Efficient reaction-induced phase-separation 
POT has been developed in this work. The reaction system 

[220] 
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switched from tri-phase to emulsion and then to biphase 

and finally to all the POT self-precipitating at the end of the 

reaction. 

10 Ionic liquid 
PEG chain-functionalized N-
dodecylimidazolium POT 

Epoxidation of olefins with H2O2 
- The highly efficient POT was also self-

separation catalyst.  
[221] 

11 Ionic liquid 

[PEG-300-C12MIM] [{W=O(O2)2}2(μ–
O)] 

[PEG-800-C12MIM] [{W=O(O2)2}2(μ–

O)] 

Epoxidation of olefins with H2O2 

- Although the POT was dissolved considerably 

by increasing the temperature during the reaction, it was 

recovered well by a thermoregulated-phased separation 
after the reaction.  

[222] 

12 Ionic liquid MimAM(H)-PW Epoxidation of alkenes with H2O2 
- The POT exhibited advantages of convenient 

recovery, steady reuse, simple preparation, and flexible 

composition. 

[223] 

13 Ionic liquid 
DPyAM(H)-PW 

 

Oxidation of benzyl alcohol with 

H2O2 
- The POT gave high conversion and selectivity 

in the heterogeneous solvent-free catalytic system.  
[224] 

14 Ionic liquid [Dmim]1.5PW Oxidation of alcohols with H2O2 
- The POT was an efficient solid catalyst with 
easy recovery, and good reusability. 

[225] 

15 Ionic liquid 
[C4mim]3PW12O40 

[C4mim]4SiW12O40 
Oxidation of sulfides with H2O2 

- Excellent performance of the POT was 
attributed to its promoted redox property arising from 

neighboring functionalized ionic liquid-cations. 

[226] 

16 Ionic liquid 

[TMGDH]2.3H0.7PW 
[TMGDH]3PW 

[TMGOH]2.2H0.8PW 

[TMG] 3PW 

Epoxidation of cis-cyclooctene with 

H2O2 

- The mesostructured POT exhibited superior 
activity because of controllable introduction of hydroxyl 

groups into its structure resulting in promotion of unusual 

morphology and pore structure, together with a hydrogen-
bonding-enriched microenvironment surrounding the POT 

anion. 

[227] 

17 Ionic liquid [TMGHA]2.4H0.6PW  
Oxidation of benzyl alcohol with 
H2O2 

- High activity of the POT was ascribed to its 

mesoporosity and dual wettability for water and alcohols.  
[228] 

18 
Amine: 
hexamethylenetetramine 

[C6H13N4]2[HPW12O40]⋅2H2O 
Oxidative desulfurization of sulfur-
containing model fuel with H2O2 

- The Hybrid POT was highly active and 

recoverable. 
[229] 

19 
Tripodal organic triammonium 
cation: BTE 

BTE-PW11O39 Epoxidation of olefins with H2O2  
- The hybrid POT catalyzed olefins epoxidation 

efficiently. 
[230] 

20 
Quaternary ammonium 

surfactant: DA 
DA11[La(PW11O39)2] 

Oxidation of alkenes, alkenols, 

sulfides, silane and alcohol with 

H2O2 

- The catalyst played a dual trapping role for both 

substrate and oxidant. 
[231] 

21 
C12mim 
CTA 

TBA 

[C12mim]5PTiW11O40 
[CTA]5PTiW11O40 

[TBA]5PTiW11O40 

Epoxidation of olefins with H2O2 
- Organic countercations greatly affected 
catalytic activity. 

[232] 
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22 
Tripodal polyammmonium 

cations 
[WZnZn2(H2O)2][(ZnW9O34)2]}

12- 

Epoxidation of allylic alcohols and 

oxidation of secondary alcohols with 
H2O2 

- Mesoporosity of the synthesized catalyst 
enabled oxidation of many organic substrates irrespective 

of molecular shape, with efficiency similar to 

corresponding homogeneous catalyst.  

- The catalyst showed three-dimensional 
perforated coral-shaped amorphous materials with the 

organic cations surrounding the POT anions. 

[233] 

23 Coordination polymers 

[CuII
2(C5H5NCOO)2(4-

bpo)2(H2O)2]SiW12O40·H2O (1) 

[CuI
4(4-bpo)6]SiW12O40·3H2O (2) 

[CuI
4(3-bpo)4]SiW12O40·3H2O (3) 

Epoxidation of styrene with tert-

butyl hydroperoxide 

- Geometry and coordination mode of 
bpo ligands played important roles in the formation of the 

hybrid solidified POT.  

[234] 

24 Coordination polymers [{Cu(en)2}3{TeW6O24}]·6H2O 
Epoxidation of cyclohexene and sty

rene by tert-butyl hydroperoxide 

- One of the rare examples on Anderson structure 

of the POTs, which gave high catalytic efficiency and 

suggested that Anderson POTs can be further explored as a 
template for generation of ladder architecture.   

[235] 

25 Metalloporphyrins 
{[Cd(DMF)2MnIII(DMF)2TPyP](PW12O4

0)}·2DMF·5H2O 
Selective oxidation of alkylbenzenes 

- The POT-porphyrin hybrid combined multiple 

functional groups in a single structure, which resulted in 

excellent activity and size selectivity of the catalyst in 
accordance with its pore dimensions. 

[236] 

(DA.Br) decyltrimethylammonium bromide, dodecyltrimethylammonium bromide (DDA.Br), tetradecyltrimethylammonium bromide (TDA.Br), hexadecyltrimethylammonium bromide (HDA.Br), and 

octadecyltrimethylammonium bromide (ODA.Br). 

dodecyltrimethylammonium bromide (DDA⋅Br), trimethylstearylammonium bromide (TSA⋅Br), and dimethyldioctadecylammonium bromide (DODA⋅Br) 
(DDA=dimethyldioctadecylammonium, omim=1-octyl-3-methyl-imidazolium) 
DIm: protic N-dodecylimidazolium 

HIm: N-hexylimidazolium  

MimAM: 1-aminoethyl-3-methylimidazolium 

DPyAM: amino-attached 4,4-bipyridine 

Dmim: 1,1′-(butane-1,4-diyl)-bis(3-methylimidazolium) 

C4mim: 1-n-butyl-3-methylimidazolium 
TMGDH: dihydroxy-tethered tetramethylguanidinium 

TMGOH: monohydroxy-tethered tetramethylguanidinium 

TMG: tetramethylguanidinium 
BTE: benzene-1,3,5-[tris(phenyl-4-carboxylic acid)] tris(2-trimethyl-ammonium ethyl) ester  

C12mim: 1-dodecyl-3-methylimidazolium 

CTA: cetyltrimethylammonium 
TBA: tetrabutylammonium 

n-bpo: (2,5-bis(n-pyridyl)-1,3,4-oxadiazole) 
en: ethyline-diamine 

DMF: N,N-dimethylformamide; TPyP: tetrapyridylporphyrin 

DA: dodecyltrimethylammonium bromide 
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Figure 2.19. Size-selective oxidation of olefins over [(n-C4H9)4N]4[γ-SiW10O34(H2O)2].H2O synthesized via 

bottom-up approach [196]. 

2.4.3.3 POTs solidified via immobilization onto supports or into matrixes 

The most conventional method to prepare heterogenous POT-based catalysts is deposition 

of POTs onto supports or into matrixes [237]. Depending on the nature of POTs and type of support, 

different strategies have been developed for immobilization of POTs on supports. Examples, 

mainly, include impregnation, ion exchange, adsorption, encapsulation, covalent linkage, etc.  

Different supports have been introduced as immobilizer: graphite (HOPG) [238-240], carbon 

nanotubes (CNTs) [241-248], and metals surfaces such as Au [249,250]and Ag [251] have been 

employed as support for several applications like microscopy imaging, electrodes and electro-

assisted catalysis and sensing. 

Focusedly on catalysis applications, employing porous (often meso) supports such as silica, 

alumina, transition metal oxides, metal-organic frameworks (MOFs), magnetic nanoparticles 

(MNPs), zeolites, carbons, etc., as well as polymeric matrixes to host POTs has been reported. 

Roughly speaking, most of the reported immobilized POTs on the support encompass non-covalent 

interactions between POTs and support, which has provoked a criticism that such solid catalysts 

leach into the liquid medium of the reaction due to the weak interactions between active species 

and support causing eventually deactivation of the catalysts. To address this matter, efforts on 

covalently linking POTs to supports, which requires, often, advanced functionalization prior or 
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during the immobilization, are rapidly underway todays. These efforts have chiefly focused on 

using polymeric and MOFs-made supports due to their capabilities to covalently encapsulate POTs 

arising from their organic frameworks. This is, most probably, the reason for much more reported 

works on these two supports to carry catalytically active POMs compared to the other types of 

supports, and consequently, for presenting exclusive review papers on POM-MOF [252] and POM-

polymer [253,189] hybrids.  

In general, thanks to intrinsic properties of the supports, the immobilized POTs have 

exhibited enhanced catalytically important features compared to their bulk forms. The most striking 

feature is porosity; larger surface area and pore volume, as well as narrower pore size distribution 

have been obtained by employing mesoporous silica, alumina, transition metal oxides, polymers, 

zeolites, MOFs, and carbon materials. Hydrophilic-hydrophobic properties have been adjusted by 

employing MOFs and polymers. Intriguingly for liquid organic reactions, the catalyst can be 

compatibilized toward organic substrates with the aid of organic framework of the polymers. 

Employing transition metal oxides as support, strong host-guest interactions, as well as tunable 

chemical composition and active sites can be obtained. MNPs-supported POTs have been endowed 

with a feasible magnetic separation and recovery, which is industrially applicable and fascinating. 

Further details about these different types of supports as well as immobilization strategies and 

catalytic applications have been elegantly reviewed by Kholdeeva et al. in 2010 [137] and Zhou et 

al. in 2014 [191]. Herein we try to cover all of the recent works dealing, exclusively, with tungsten-

based POMs immobilized on supports and their catalytic applications. Tables 2.14 and 2.15 show 

the reported POT/support catalytic systems along with their applications in acid catalysis and 

oxidation reactions. 

2.4.3.4 POTs heterogenized via combined strategies 

Combining the three heterogenization strategies, discussed in sections 2.4.3.1-3, offers 

some additional advantages in the design of heterogeneous catalysts making the resultant solid 

POT catalysts more fascinating. In the case of supported POTs, organo-modification of the surfaces 

(of the POTs or the supports or both) can be employed prior to immobilization in order to either 

enhance the stability of the supported POTs or improve dispersion of the POT active sites into the 

support’s structure.  
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Table 2.14. POTs solidified with immobilization on supports for acid catalysis reactions. 

Entry Support POT Reaction Remarks Ref. 

1 

S
il

ic
a 

C8-AP grafted SBA-15 H3PW12O40 Hydrolysis of ester 

- The supported POT was surrounded by 
hydrophobic alkyl groups in channels of 

mesoporous silica nanostructured, which afforded 

paths for the efficient approach of reactant 
molecules and water to the active sites. 

[254] 

2 AP grafted SBA-15 H3PW12O40 Acid-base tandem reaction 

- The supported POT could be easily 
tuned: predominantly basic, or predominantly 

acidic, or equally acidic and basic by changing the 

ratio of polyacid and amine groups. 

[255] 

3 SiO2 H3PW12O40 Polymerization of β-pinene  
- The supported POT had no poison to 

hydrogenation catalysts, as well as low corrosion to 

polymerization and hydrogenation equipment.  

[256] 

4 SiO2 H3PW12O40 
Esterification of camphene with 
carboxylic acids 

- The supported POT exhibited very good 

activity, high turnover number, and steady reuse 
without loss of activity and selectivity. 

[257] 

5 SiO2 H3PW12O40 
Isomerization of α-pinene and 
longifolene 

- The catalyst was very active in small 

amounts, exhibiting high turnover numbers, good 
stability and steady reuse without loss of activity. 

[258] 

6 SiO2 H3PW12O40 Conversion of citronellal to menthol 

- Adding Pd to the supported POT’s 
structure, a bifunctional catalyst was developed that 

direct the reaction via acid-catalyzed cyclization 

followed by Pd-catalyzed hydrogenation. 

[259] 

7 SiO2 H4SiW12O40 
Esterification of oleic acid with 

methanol 

- The supported POT showed high 

catalytic activity close to that of unsupported one; 

however, leaching of active sites resulted in gradual 
deactivation of the catalyst.  

[260] 

8 

T
ra

n
si

ti
o
n

 m
et

al
 o

x
id

es
 

- Mesoporous ZrO2 

- Mesoporous ZrO2- ethane-bridged 

organosilica  

H3PW12O40 
Transesterification of Eruca Sativa 

Gars oil  

- The ethane-containing supported POT 

exhibited higher catalytic activity due to 

combination of strong Brϕnsted acidity, 3D 

interconnected mesostructure, and enhanced 

hydrophobicity. 

[261] 
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9 

- Mesoporous ZrO2 

- Mesoporous ZrO2- 

benzene/ethane-bridged organosilica  

H3PW12O40 Esterification of levulinic acid 

- The alkyl-containing supported POT 

exhibited higher catalytic activity due to the 
combination of strong Brönsted acidity, well-

defined ordered mesostructure, homogeneous 

dispersion of active sites, and enhanced surface 
hydrophobicity of the hybrid catalysts 

[262,26
3] 

10 Ta2O5 H3PW12O40 
Esterification of acetic acid with 

ethanol 

- The POT kept its Keggin structure after 

immobilization and micro- or micro/meso porosities 

and nanometer sizes. It showed higher activity than 
the parent PTA.  

[264] 

11 
Hydrous ZrO2 

 
H3PW12O40 

Condensation of dimedones, urea, 

aryl aldehydes, enolizable ketones, 
and acetyl chlorides 

- Structural integrity and good dispersion 

of the POT in the support were responsible for high 

catalytic efficiency.  

[265] 

12 
ZrO2 

 
H3PW12O40 

Regioselective monobromination of 

aromatic substrates 
- The supported POT exhibited excellent 
yields and efficient recovery. 

[266] 

13 

M
O

F
s 

MIL-101 (Cr) H3PW12O40 

Knoevenagel condensation of 

benzaldehyde, esterification of 

acetic acid, dehydration of methanol 

- The supported POT was bi-functional 

porous solid with outstanding catalytic performance 
in base- and acid-catalyzed reactions, which was 

obtained by direct and one-pot encapsulation of POT 

into support. 

[267] 

14 MIL-101 (Cr) H3PW12O40 
Dehydration of fructose and glucose 
to HMF 

 

- Different loadings of POT were 

investigated resulting in highly active and recyclable 

solid acid catalyst. 

[268] 

15 MIL-101 (Cr) Ru- H3PW12O40 
Conversion of cellulose and 

cellobiose into sorbitol 

- The ratio of acid site density (comes 
from the POT) to the number of Ru surface atoms in 

the Ru-POT/MIL-100(Cr) was optimized to reach 

highest reaction efficiency.  

[269] 

16 MIL-101 (Cr) H3PW12O40 

Baeyer condensation of 
benzaldehyde and 2-naphthol and 

epoxidation of caryophyllene by 

H2O2 

- Under microwave-assisted heating 
reaction, the supported POT was highly active and 

exceptionally stable. 

[270] 

17 MIL-101 (Cr) H3PW12O40 
Alcoholysis of styrene oxide 
 

- Probing the acid sites using in situ FTIR 

showed generation of additional hydroxyl groups 

and Lewis acid sites, which were responsible for 

high efficiency of the supported POT in a short 

reaction time.  

[271] 

18 

P
o

ly
m

er
s 

Polymeric ionic liquid: Poly(VMPS) H3PW12O40 Esterification of alcohols 

- Both polymeric framework and large 

heteropolyanion were responsible for solid nature of 
the catalyst. 

- Excellent catalytic activity came from 

acidic SO3H functional groups in the hybrid catalyst.  

[272] 
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19 Povidone (PVP) H3PW12O40 Azidation of alcohols 
- Higher surface area of the PVP-POT 

(10.5 m2 g−1) compared to PTA was responsible for 
enhancing catalytic activity. 

[273] 

20 
PDVC (Poly (P-divinylbenzene, 4-

vinylbenzyl chloride)) 
H3PW12O40 

Acetylation of glycerol 

 

- Ethylenediamine was used as soft linker 
between polymer and PTA. The POT showed hybrid 

characteristic of heterogeneous and homogeneous 

catalysts, resulting in superior activity compared to 
the literature. 

[274] 

21 

M
ag

n
et

ic
 N

P
s 

organo- functionalized SiO2 (shell)-iron oxide 

(core) 
H3PW12O40 Friedel–Crafts reactions of indoles  

- The first report on non-covalent 

immobilization of POT on MNPs. 
[275] 

22 
organo- functionalized SiO2 (shell)-iron oxide 

(core) 
H3PW12O40 

Esterification of free fatty acid 

 
- The first-time application of MNPs-

supported POTs in esterification reactions. 
[276] 

23 
poly(glycidyl methacrylate) (PGMA) (shell)-

iron oxide (core) 
H3PW12O40 

Esterification of free fatty acids and 

transesterification of triglycerides 

- Good catalytic performance was 
ascribed to high acidity and nano-size of the catalyst. 

- Firm attachment of POT on 

MNPs via covalent binding, stable PGMA shell, and 
superparamagnetic properties of MNPs led to high 

stability and recyclability of the catalyst. 

[277] 

24 
Diamine-functionalized silica-coated 
magnetite (Fe3O4) 

 

H3PW12O40 
Synthesis of 
tetrahydrobenzo[b]pyrans and 

Knoevenagel condensation 

- The catalyst had relatively uniform 

spherical nanoparticles with a 60 nm average size, 
and offered high reaction efficiency, recyclability, 

and avoidance of organic solvent. 

[278] 

25 

Z
eo

li
te

s 

Zeolite imidazolate framework (ZIF-67) H3PW12O40 
Friedel–Crafts acylation of anisole 
with benzoyl chloride 

- Excellent dispersion of the POT over 
ZIF-67 was achieved, with different amounts of 

PTA encapsulated in the support structure resulting 

in high activity, stability and reusability. 

[279] 

26 

C
ar

b
o
n

 m
at

er
ia

ls
 

Activated carbon H3PW12O40 Polymerization of β-pinene  

- The POT could interact strongly with 

surface oxygen-containing groups on the activated 
carbon, resulting in stable immobilization of POT, 

which led to a decrease in the specific surface area 

of the activated carbon. 

[280] 

27 

O
th

er
 s

u
p
p

o
rt

s 

Mineral clay: Bentonite (BNT)  H3PW12O40 
Hydroxyalkylation of phenol 

 

- Optimized amount of the POT supported 

on BNT showed higher product yield and selectivity 

than those of parent POT and BNT, mainly due to 

excellent dispersion of the POT on BNT resulting in 

redistribution of Brönsted and Lewis acid sites on 

BNT. 

[281] 
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28  Clay: K10 and KSF montmorillonite  H3PW12O40 
Condensation of 1,2-
phenylenediamines and ketones 

- The supported POT was highly active, 

non-hygroscopic, non-corrosive, and efficiently 
recyclable. 

[282] 

AP: 3-aminopropyl 

VMPS: 1-vinyl-3-propane sulfonate imidazolium   
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Table 2.15. POTs solidified with immobilization on supports for oxidation reactions. 

Entry Support POT Reaction Remarks Ref. 

1 

S
il

ic
a 

Ionic liquid-modified SiO2 [{W(=O)(O2)2(H2O)}2(μ-O)]2- Epoxidation of olefins with H2O2 

- Activity of the supported POT was 

comparable to homogeneous analogue, confirming 
successful heterogenization. 

- No leaching of active sites was obtained. 

[283] 

2 Ionic liquid-modified SBA-15 H3PW12O40 Oxidation of alcohols with H2O2 
- The supported POT exhibited high catalytic 
activity and selectivity and reusability without leaching 

in solvent-free catalytic reaction. 

[284] 

3 Ionic liquid-modified SBA-15 H3PW12O40 Oxidation of alcohols with H2O2 

- The supported POT prepared via one-pot 

procedure. 

- Occasion of adding POT as well as location 

of the organic cations in the mesostructure played a 

crucial role in catalytic performance. 

[285] 

4 Ionic liquid-modified SBA-15  H3PW12O40 Oxidative desulfurization of fuels 

- The hybrid POT possessed ordered mesopore 
structure and high specific surface area. Due to the 

introduction of imidazole-based ionic liquid, the catalyst 

exhibited good wettability for model oil, which had 
significant contribution to desulfurization activity.  

[286] 

5 Mesoporous SBA-16 H6P2W18O62 
Epoxidation of olefins and oxidation 

of alcohols with H2O2 

- Pore entrance size of the SBA-16 was 

modified by silylation reaction to enable trapping the 

POT. 

[287] 

6 

tr
an

si
ti

o
n

 

m
et

al
 o

x
id

es
 

Ordered mesoporous ZrO2 
H3PW12O40 

H4SiW12O40 
Oxidation of alkenes with H2O2 

- The supported POT exhibited higher catalytic 
activity compared to its parents: ZrO2 and heteropoly 

acids. 

[288] 

7 

M
O

F
s 

MIL-101 
[PW4O24]

3− 

[PW12O40]
3− 

Oxidation of alkenes with H2O2 

- The supported POTs demonstrated good 
activity comparable to that of homogeneous heteropoly 

acids. 

- In contrast to homogeneous systems, use of a 

higher H2O2/alkene molar ratio allowed increasing both 
alkene conversion and epoxide selectivity, arising from 

specific sorption properties of support. 

[289] 

8 MIL-101 (Cr) 
[PW11O39]

7− 

[SiW11O39]
8− 

Oxidation of alkenes with H2O2 
- The supported POTs were highly active, 

selective (comparable to homogeneous ones) and 

recyclable catalysts. 

[290] 
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9 rht-MOF-1 H3PW12O40 Oxidation of alkylbenzene 

- The Keggin POT could be immobilized into 

the β-cage of rht-MOF-1 by a solvothermal method with 
highly ordered and porous structure, resulting in good 

dispersion of POT in the reaction and enhancement of 

catalytic activity. 

[291] 

10 Cu3(BTC)2 MOF (HKUST-1) 
H3PW12O40 

H4SiW12O40 

Oxidative desulfurization of model 

fuels 

- The POT encapsulated in MOF showed 

selective oxidation of sulfides to corresponding sulfones 

or sulfoxides with efficient reusability. 

[292] 

11 
Copper organic frameworks with 

pyrazine derivatives 

H3PW12O40 

H4SiW12O40 

Epoxidation of alkenes with H2O2 

 

- The heterogenized POT showed higher 

catalytic activity compared to the corresponding 

homogeneous POT.  

[293] 

12 

Metal-organic coordination 

network (MOCN): 
(1) Co(BBTZ)1.5(HBBTZ)(H2O)2 

(2) Co2.5(BBTZ)4(H2O)2 

(3) Cu(BBTZ)2 

PW12O40 

BW12O40 

Oxidative desulfurization of 

dibenzothiophene 

- A new non-porous POT-based MOCN was 
synthesized, which showed good catalytic activity in 

contrast to the parent POT, due to monodispersion of 

POT units in the MOCN at molecular level exposing 
more active POT sites.  

[294] 

13 
[Cu(4,4′-bipy)2(H2O)2]n

2n+ (bipy 

= bipyridine) 

H3PW12O40 

H4SiW12O40 
Oxidation of ethylbenzene 

- Oxidation of the substrate occurred in the 

pore of the framework, and valence of the metal ion in 

the POTs significantly influenced catalytic activity of the 
3D framework. 

[295] 

14 MIL-101 (Cr) 
[PW11CoO39]

5− 

[PW11TiO40]
5− 

Oxidation of alkenes with molecular 

oxygen and H2O2 

- The POTs were electrostatically attached to 

surfaces of the support, which showed good stability and 

no leaching under mild conditions (T˂ 50 °C). 

[296] 

15 MIL-101 (Cr) 
[Ln(PW11O39)2]

11− 
Ln = Eu3+ and Sm3+ 

Oxidation of styrene with H2O2 

- The supported POTs exhibited higher activity 
than that of homogeneous parent POTs, which was 

further increased by microwave-assisted oxidative 

reactions. 

[297] 

16 MIL-101 (Cr) [Tb(PW11O39)2]
11−  Oxidative desulfurization of fuels 

- Higher desulfurization efficiency was 
obtained by the supported POT compared to the 

homogeneous parent POT. 

[298] 

17 

P
o

ly
m

er
s 

Ionic copolymer: AM-BM H3PW12O40 Epoxidation of alkenes with H2O2 

- Peroxo–W active sites in the POT promoted 

by the amino groups in polymer matrix was responsible 
for catalyst's excellent performances. Stable structure of 

the catalyst came from cross-linked structure of the 

copolymer cations. 

[299] 

18 Ionic copolymer: DIM-CIM H3PW4O16 Epoxidation of alkenes with H2O2 

- Amphiphilic structure of the supported POT 
acted as a “trapping agent” for both hydrophobic alkene 

substrates and hydrophilic H2O2, promoting catalytic 

activity. 

[300] 
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19 
Ionic copolymer: NDMAM-

AVIM 
H3PW12O40 Oxidation of alcohols with H2O2 

- Excellent performance of the supported POT 

comes from featured structure of polymeric framework 

giving the catalyst solid nature and stimuli-responsive 
behavior. 

[301] 

20 
Ionic copolymer: AVIM-DVB 
and PDIM-DVB 

 

H3PW12O40 
Oxidation of benzyl alcohol with 

H2O2 

- High activity of the catalyst arose from amino 

functional groups and high BET surface area of 

polymeric framework. 

[302] 

21 Poly(ethylene oxide-pyridinium) H3PW12O40 Oxidation of alcohols with H2O2 
- Using the supported POT, chemoselective 

oxidation of sterically hindered secondary alcohols in 

presence of primary alcohols was achieved. 

[303] 

22 
Amphiphilic resins 

 
H3PW12O40 

Epoxidation of unsaturated fatty 
esters with H2O2 

 

- Catalytic properties of the supported POT 

varied with hydrophilic/lipophilic balance (carbon chain 
number, spacer arm between benzene cycle and 

imidazole group, N-substitution of imidazole ring). 

[304] 

23 
Polymer-immobilised ionic 
liquid phase 

 

[PO4{WO(O2)2}4]
3− 

Epoxidation of 
allylic alcohols and alkenes with 

H2O2 

- A new polymeric support with tuneable 

surface properties and microstructure has been prepared 

by ring-opening metathesis polymerisation. 

[305] 

24 Poly(divinylbenzene) [PO4{WO(O2)2}4]
3− Epoxidation of olefins with H2O2 

- High catalytic activity and epoxide selectivity 
was attributed to an optimized 

hydrophilicity/hydrophobicity balance in the 

mesoporous environment, as well as facile diffusion of 
the reactants and products. 

[306] 

25 Poly(methyl methacrylate) 

[{CH2=CH(CH2)6Si}xOySiWwOz]
4− 

(1) x=2, w=11, y=1, z=39 
(2) x=2, w=10, y=1, z=36 

(3) x=4, w=9, y=3, z=34  

Oxidation of organic sulfides with 
H2O2 

- Catalytic efficiency was affected by fine-

tuning of the polymer composition, including tailored 
design of the POT-based monomers. 

[307] 

26 A modified porous resin 
(NBu4)6[α2-

P2W17O61(SiC6H4CH2N3)2O] 
Oxidation of tetrahydrothiophene  

- The POT was functionalized, and the resin 

was modified prior to immobilization to be able to have 
strong covalent bonding between the POT clusters and 

the macroporous resin surface. 

[308] 

27  Biopolymer: chitosan H3PW12O40 Degradation of chitosan with H2O2 
- The POT was easy to separate from chitosan 

at the end of reaction, improving purity of the products. 
[309] 

28 

M
ag

n
et

ic
 

N
P

s Ferromagnetic nanocrystals (iron 

oxide) 
(DODA)3PW12O40 Oxidation of sulfides to sulfones 

- Nanospaces and increased surfactant alkyl 

chain density around the POT in the nanocones provided 

enhanced catalytic performance. 

[310] 
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29 
Poly(ionic liquid) coated iron 

oxide 
H3PW12O40 

Epoxidation of bio-derived olefins 

with H2O2 

- Catalytically active centers were amino-
functionalized W species, while the amphiphilic catalyst 

structure acted as a “trapping agent” for both 

hydrophobic olefin substrates and H2O2 molecules in 
aqueous phase. 

[311] 

30 

A
lu

m
in

a 

Au/ Al2O3 K8[BW11O39H]·nH2O 

Epoxidation of cyclooctene with 

molecular oxygen  

 

- Adding Au NPs and combining catalytic 

activities of the POT and gold, an efficient and 
recoverable catalyst was developed. 

[312] 

31 

O
th

er
 s

u
p
p

o
rt

s 

layered double hydroxides 

(LDHs) 
[WZn3(ZnW9O34)2]

12− 
Epoxidation of allylic alcohols with 

aqueous H2O2 

- The first report of direct immobilization of a 
self-assembled POT in LDH, which showed excellent 

activity, high dispersion and good hydrothermal stability. 

[313] 

32 Mg3Al–NO3 [WZn3(H2O)2(ZnW9O34)2]
12−  Oximation of aldehydes by H2O2 

- Selectivity of oximation of 
various aldehydes was increased under mild conditions 

by using the supported POT. 

[314] 

DODA=dimethyldioctadecylammonium 

BBTZ = 1,4-bis-(1,2,4-triazol-1-ylmethyl)benzene 
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For example, Villanneau et al. have reported successful covalent immobilization of the 

hybrid POT [AsW9O33{P(O)(CH2CH2CO2H)}2]
5- onto NH2-functionalized mesoporous SBA-15, 

which obviously resulted in better stability of the supported catalyst and less leaching of active 

sites compared to common electrostatic interactions-based supported POTs. They prepared 

anchored homogeneous catalysts retaining important mesoporosity, in which the POT would play 

the role of polydentate inorganic ligands for active centers [315]. Furthermore, such hybridization 

of polyoxometallates via an organic-inorganic association has been exploited to develop a 

heterogeneous catalyst with tunable functionality imparted through supramolecular assembly 

[316]. Employing two hydrophilic (mica) and hydrophobic supports (highly oriented pyrolytic 

graphite), Raj et al. have investigated the role of surface hydrophilicity/hydrophobicity in 

determining supramolecular organization of POT ([PW12O40]
3−)-support. They have also 

demonstrated that organo-functionalization of the POT with dimethyldioctadecylammonium 

bromide is an efficient strategy to control the final product morphology and obtain highly dispersed 

POT active species on various hydrophilic and hydrophobic supports (Figure 2.20) [317]. Uchida 

et al. reported complexation of [SiW12O40]
4- (ca. 1.0 nm in size) and a large macro cation of 

[Cr3O(OOCH)6(H2O)3]
+ (ca. 0.7 nm in size) in the presence of K+, which left nano-sized channels 

in the lattice of the produced complex, K3[Cr3O(OOCH)6(H2O)3]SiW12O40.12H2O, resulting in 

catalytically interesting properties [318]. Table 2.16 lists the reported solid POTs which have 

exploited a combination of the three strategies to enhance their catalytic efficiencies in various 

liquid-phase organic reactions.  

 

Figure 2.20. Controlling morphology and dispersion of supported POT heterogeneous catalysts via organo-

modification of the POT [317]. 
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Table 2.16. POTs heterogenized via combined strategies. 

Entry POT 
Inorganic 

cation 
Organic part Support Reaction Remarks Ref. 

1 
FeIIIAspPW12 
 

Fe3+ 
Amino acid: aspartic 
acid (Asp) 

- 
Fenton-like degradation of 4-
chlorophenol with H2O2 

- Adding Fe to the POT’s 
structure, the catalyst showed superior 

catalytic performance from acidic to 

neutral pH values. 

[319] 

2 Na7H2LaW10O36⋅32 H2O Na+ - 
Ionic liquid-
modified SiO2 

Desulfurization of DBT, BT, 
and 4,6-DMDBT 

- The POT was highly dispersed 

in the support resulting in good activity of 
the catalyst. 

[320] 

3 (TBA)7H3[Co4(H2O)2(PW9O34)2] - 
Quaternary ammonium 

surfactant: TBA 
MOF: MIL-101 

Oxidation of olefins with 

H2O2 

- Immobilization of this 
sandwich-type POT on MOF was reported 

for the first time, which showed high 

activity for oxidation of various 
hydrocarbons. 

[321] 

4 
[Cu2(BTC)4/3(H2O)2]6[HnXW12O40]·
(C4H12N)2 (X = Si, Ge, P, As) 

- 
Quaternary ammonium 
surfactant: TMA 

Cu-BTC-
based MOF 

Hydrolysis of esters 

- The catalysts exhibited (i) good 
dispersion of POTs at the molecular level, 

prohibiting conglomeration, (ii) high 

immobilization of POTs, preventing 
catalyst leaching, and (iii) highly stable 

crystalline framework, allowing for 

catalyst recycling. 

[322] 

5 
H3[(Cu4Cl)3(BTC)8]2[PW12O40]·(C4

H12N)6·3H2O  
- 

Quaternary ammonium 

surfactant: TMA 

Cu-BTC-

based MOF 

Adsorption and 
decomposition of dimethyl 

methylphosphonate 
 

- A novel POT/MOF with 

sodalite topology was obtained by a simple 
hydrothermal method, which showed 

excellent activity and stability. 

[323] 

6 
[Cu3(C9H3O6)2]4[{(CH3)4N}4CuPW1

1O39H] 
- 

Quaternary ammonium 

surfactant: TMA 

MOF-199 

(HKUST-1) 
Aerobic oxidations 

- The supported POT exploited 

attractive features of both POT and MOF, 

and exhibited mutual enhancement of 
stability by each component, and high 

efficiency in detoxification of various 

sulfur compounds. 

[324] 

7 PYI-Ni2H[BW12O40] Ni2+ 

Asymmetric 

organocatalytic 
group: l- or d-

pyrrolidin-2-

ylimidazole (PYI), 

Chiral MOF 
Asymmetric dihydroxylation 
of aryl olefins with H2O2 

 

- Hydrophilic/hydrophobic 

properties of channels of the 

enantiomorphs POT-MOF were modulated 

to adsorb oxidant and olefins, resulting in 
excellent stereoselectivity. 

[325] 

8 

[Cu3(4,4′-bpy)3] 
[HSiW12O40]·(C3H4N2) 

[Cu(Phen)(4,4′-

bpy)(H2O)]2[PW12O40]·(4,4′-bpy) 

- 
Imidazole and 

bipyridine 
MOF 

Oxidation of alcohols with 

H2O2 

- The synthesized POT exhibited 
higher activity compared to the 

corresponding Mo-based POMs. 

[326] 
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9 TBA4.2H0.8[PW11Zn(H2O)O39]  
Quaternary ammonium 

surfactant: TBA 

MOF: MIL-101 

(Cr) 

Oxidative desulfurization of 

fuels 

- The POT was homogeneously 

encapsulated within cages of the support 
without affecting its crystal structure and 

morphology. 

[327] 

10 
K6P2W18O62 

K14[NaP5W30O110] 
K+ - 

Silica: MCM-48, 

SBA-3, SBA-15 

and 
NH3

+ functionaliz

ed SiO2 

Oxidation of thioethers with 

H2O2 

- Preyssler complex was more 

active compared to its Dawson analog. 

Characteristics of the support also affect the 
catalytic activity. 

[328] 

11 
TBA4HPW11CoO39 

TBA5PW11CoO39 
- 

Quaternary ammonium 

surfactant: TBA 

NH2- and NH3
+-

modified 
mesoporous silica  

Aerobic oxidation of 

aldehydes  
 

- Catalytic activities of the 
supported POTs were comparable to those 

of homogeneous parent POTs, however 

they showed leaching of active sites after 
3rd cycle. 

[329] 

12 Cs2.5H0.5PW12O40/ CTAB Cs+ 
Quaternary ammonium 
surfactant: CTAB 

- 

Regioselective bromination 

of aromatic compounds 

 

- The catalyst exhibited high 

yields in regioselective bromination of 

phenol and phenol derivatives and some 
other aromatic compounds with molecular 

bromine at room temperature. 

[330] 

13  MoO2(acac)-K8[SiW11O39] K+ 
Molybdenylacetylacet

onate complex 
- 

Epoxidation of alkenes 

with tert-BuOOH 

- Catalytic activity of 
MoO2(acac)2 was modified by 

incorporation of the POT via covalent 

bonding because of charge-transfer role of 

the resultant complex. 

[331] 

14 Pd(salen)-K8[SiW11O39] K+ Palladium (salen) - 
Suzuki cross-coupling 
reactions 

- The resultant hybrid POT 

showed greatly improved activity and 
much higher yields of coupling products 

compared to its parent organic and 

inorganic components, even with low 
catalyst loading. 

[332] 

DBT: dibenzothiophene 

BT: benzothiophene 

4,6-DMDBT: 4,6-dimethyldibenzothiophene 

TBA: tetrabutylammonium 

BTC: benzentricarboxylate 

TMA: tetramethylammonium  

Bpy: bipyridine 

Phen = 1,10-phenanthroline 

salen = N,N′-bis(salicylidene)ethylenediamine
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2.5 Conclusion and perspective 

As shown here, many efforts have been done in the context of the high demands for 

development of sustainable and green chemistry in order to find an alternative for hazardous 

ozonolysis of UFAs, which is currently the industrial method for the production of dicarboxylic 

acids from oils and fats. Replacing ozone with a more benign oxidant, like hydrogen peroxide, 

makes it necessary to employ an active catalyst in the reaction. To push this catalyst to its use in 

multikilogram-scale toward industrial production, the substantial feature of recyclability should, 

also, be considered. This chapter indicates that several catalytic systems in homogeneous and 

heterogeneous forms have been developed for oxidative cleavage of UFAs. Transition metals such 

as osmium, cobalt, molybdenum, chrome, gold, manganese, iron, ruthenium, and tungsten have 

been used as catalytic active sites, with considerably more emphasis on W. 

Homogeneous catalysts, on which more researches have been done, showed excellent 

conversion and selectivity. However, their large-scale application has been always restricted due 

to the lack of catalyst recovery. Curiously, the use of heterogeneous catalysts with recycling ability 

has been scarcely reported, which would be ascribed to their lower conversion compared to 

homogeneous catalysts. This is mainly because of low catalyst/reactant contact from either low 

active site availability or pore diffusion limitations. The available results for NP-based catalysts, 

although they are very rare, confirm that they could show improved performances compared to 

solid catalysts. Insufficiently explore of nanocatalysts in oxidative cleavage of UFAs, called for 

further works in this field. It even makes more sense given the fact that surface properties of metals 

oxides NPs provide a great promise in their further modifications, which can increase their catalytic 

efficiency in the biphasic oxidative cleavage of UFAs. Interestingly, considering the high degree 

of dispersion of organo-functionalized NPs, one can properly assume that such catalysts are at the 

frontier of homogenous and heterogeneous catalysts as they possess the best aspects of the both, 

simultaneously. The good dispersion of a catalyst in a solvent, although it increases the catalytic 

activity, can be a double-edged sword if it makes the separation of catalyst from product 

complicated. Owing to the recent advances, however, recovery of NP-based catalysts is possible 

via facile and highly efficient methods.  



78 

 

 

Furthermore, the excellent inherent properties of polyoxotungstates (e.g. strong acidity, 

high thermal stability, and hydrophobicity) hold, nowadays, a promise for application in various 

organic reactions chiefly including oxidation and acid catalysis reactions. However, POTs are 

originally soluble in water and polar solvents, resulting in lack and/or difficulty of recovery. The 

fabrication of hybrid organic-inorganic POT-based catalysts is currently a hot topic being 

enthusiastically explored, not only for heterogenization purposes, but also for their versatilities in 

liquid organic reactions arising from the wide variety of organic groups and proper adjustment of 

the surface state. The obtained advantages of organo-solidified POTs can be succinctly listed as (i) 

formation of pseudo-homogeneous phase and/or stabilization of Pickering emulsion medium 

resulting in enhancement of catalyst efficiency, (ii) increasing catalyst hydrophobicity which 

results in prevention of catalyst particles aggregation and poisoning of acid sites by water, (iii) 

enabling self-separation of the catalyst at the end of reaction, and even (iv) preparation of size-

selective catalysts to selectively allow desired molecules to ingress and egress.  

Considering the fast pace of catalysis progress, it is definitely only a matter of time before 

an environmentally benign process for oxidative cleavage of UFAs in industry is achieved. 
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Chapter 3. Characterization techniques and reaction analysis 

 

 

 

 

 

 

 

This chapter: 

(i) Succinctly explains the underlying principles of the characterization techniques, employed 

in our works, with emphasis on how we exploited these techniques and which information 

we acquired regarding the physical and chemical properties of the prepared materials.  

(ii) Describes calculation of the reaction efficiencies and quantitative analysis of the fatty acids 

with GC-MS.  
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3.1 Characterization techniques 

3.1.1 X-ray Diffractometry  

X-ray diffraction (XRD) is among the most powerful techniques for the characterization of 

solids. It is used to identify crystalline phases by means of lattice structural parameters, and to 

obtain an indication of crystallite size. X-ray diffraction occurs in the elastic scattering of X-ray 

photons by atoms in a periodic lattice. The scattered monochromatic X-rays that are in phase give 

constructive interference. According to Bragg’s law, the constructive interference occurs only 

when the path length difference between two or more beams diffracted in the same direction is an 

integer multiple of the wavelength (Figure 3.1). The path length difference is dependent on the 

lattice spacing of the atoms and the sine function of the angle between the incident angle and the 

scattering angle.  

nλ = 2dsinθ                                                                                                                  (3.1)  

where λ is the wavelength of the X-rays, d is the distance between two lattice planes, θ is 

the angle between the incoming X-rays and the normal to the reflecting lattice plane, n is an integer 

called the order of the reflection. 

 

Figure 3.1. Schematic illustration of the Bragg’s law. 

A typical XRD instrument consists of three main parts: X-ray tube, specimen stage, and X-

ray detector. The X-ray beam generated by the X-ray tube passes through special slits, which 

collimate the X-ray beam and prevent beam divergence. After passing through the slits, the X-ray 



81 

 

beam strikes the specimen that is supported by the plane of specimen. The X-rays diffracted by the 

specimen interfere constructively when they are in phase and produce a convergent beam at 

receiving slits before entering the detector. By continuously changing the incident angle of the X-

ray beam, diffraction intensity is recorded in a range of 2θ.  

In our study, XRD was used to identify the crystalline phases of various structures of 

tungsten and molybdenum oxides. We have worked with X’Pert HighScore Software to analyze 

the XRD data. The obtained spectra were compared with the updated database of ICDD3 library of 

spectra. In principle, if the angles, 2θ, under which constructively interfering X-rays leave the 

crystal, can be measured, the Bragg relation gives the corresponding lattice spacings, which can be 

used to identify the crystalline phase of the sample. 

 

3.1.2 Infrared Spectroscopy 

Infrared spectroscopy (IR) studies the changes in the vibrational and rotation movements 

of the molecules. It is commonly used to show the presence or absence of functional groups which 

have specific vibration frequencies. In our research, since XRD technique revealed bulk chemical 

structure of the obtained samples, FTIR analysis was employed to learn more about the 

composition of organic part of the hybrid organic-inorganic samples as well as different available 

tungsten and molybdenum bonds in crystalline structures of the samples.  

In principle, at ordinary temperatures, organic molecules are in a constant state of 

vibrations, each bond having its characteristic stretching and bending frequencies. When infrared 

light radiations with frequency between 4000-400 cm-1 are passed through a sample of an organic 

compound, some of these radiations are absorbed by the sample and are converted into energy of 

molecular vibrations. The other radiations which do not interact with the sample are transmitted 

through the sample without being absorbed. The infrared spectrum of the sample or compounds is 

the plot of % transmittance against frequency. The presence of characteristic vibrational bands in 

an IR spectrum indicates the presence of the corresponding bonds in the sample under 

investigation. 

                                                 
3 The International Center for Diffraction Data 
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3.1.3 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a technique in which the mass of a substance is 

monitored as a function of temperature or time while the temperature of the sample, in a specified 

atmosphere, is programmed. TGA is a very useful technique for analysis of thermal decomposition, 

oxidization, dehydration, heat resistance, and kinetics analysis. By combining with other 

measurement techniques, variety of information on one sample can be achieved. Simultaneous 

thermogravimetry and differential thermal analysis (TGA/DTA) is a method in which 

thermogravimetry and differential thermal analysis are combined and measured simultaneously by 

a single apparatus. In our works, TGA/DTA was efficiently used to not only determine the amount 

of surfactant molecules adsorbed on the surface of metal oxide catalysts, but also provide 

information related to certain physical and chemical phenomena that occur during heating. 

In DTA, the temperature difference between the sample and a reference material is 

monitored against time or temperature while the sample’s temperature, in a specified atmosphere, 

is programmed. Figure 3.2, which shows the measurement principles of DTA, elucidates its role in 

our works. It shows the temperature change of the furnace, the reference and the sample against 

time (Figure 3.2 a), and the change in temperature difference (ΔT) against time detected with the 

differential thermocouple. ΔT signal is referred to as the DTA signal. Materials that do not change 

in the measurement temperature range (usually α-alumina) are used as reference. When the furnace 

is heating, the reference and the sample begin to be heated with a slight delay depending on their 

respective heat capacity, and eventually heat up according to the furnace temperature. Therefore, 

ΔT changes until a static state is reached, and after achieving stability, reaches a set amount 

compliant with the difference in heat capacity between the sample and the reference. The signal at 

the static state is known as the baseline. Since then, by increasing the furnace temperature some 

either endothermic or exothermic phenomena might occur, which result in sudden decrease or 

increase in ΔT. For example, if melting occurs (as an endothermic process), the rise in the sample’s 

temperature stops as shown in Figure 3.2 a, and the absolute value of ΔT increases. When the 

melting ends, the temperature curve rapidly reverts to the baseline. At this point, the ΔT signal 

reaches the peak, as shown in Figure 3.2 b. From this, we can detect the sample’s transition 

temperature and the reaction temperature from the ΔT signal (DTA signal). In Figure 3.2 b, the 
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temperature difference due to the sample’s endothermic change is shown as a negative direction 

and the temperature difference due to the sample’s exothermic change is shown as a positive 

direction. 

 

Figure 3.2. Measurement principles of DTA. 

3.1.4 Nitrogen physisorption 

Nitrogen physisorption is a widely used method for the characterization of porous materials 

with regard to the determination of surface area, pore size, pore size distribution, and porosity. This 

technique is based on the measurement of adsorption and desorption equilibrium isotherms of 

nitrogen on a solid surface at different partial pressures of nitrogen. The resulting relationship of 

volume of nitrogen adsorbed and desorbed vs. relative pressure at constant temperature is known 

as sorption isotherms. The shape of the isotherms strongly depends on the porous structure of the 

materials.  

In 1985, the International Union of Pure and Applied Chemistry (IUPAC) published a 

classification of six types of sorption isotherms (Figure 3.3). Type I isotherms are characteristic of 

microporous materials. Type II and III isotherms are the normal form of adsorption by nonporous 

or macroporous adsorbents in which the adsorption proceeds via multilayer formation. Type IV 

and V isotherms are characteristic of multilayer adsorption consisting of capillary condensation 

onto mesoporous materials. Type VI isotherms represent stepwise multilayer adsorption on a 

uniform nonporous surface. 
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Figure 3.3. IUPAC classification of the physisorption isotherms. 

To date, various theories are introduced to determine the surface area of porous materials. 

The Brunauer-Emmett-Teller (BET) method is the most widely used one. The BET equation is as 

follows:  

 
𝑃/𝑃0

𝑛(1−𝑃/𝑃0)
=

1

𝑛𝑚𝑐
+
𝑐−1

𝑛𝑚𝑐
×
𝑃

𝑃0
     (3.2) 

Where n is the number of moles adsorbed at the relative pressure P/Po, nm is the monolayer 

capacity, c is a constant related exponentially to the heat of adsorption in the first adsorbed layer. 

A linear relationship between 
𝑃/𝑃0

𝑛 (1−𝑃/𝑃0)
 and P/P0 is obtained by the BET equation. The intercept 

1

𝑛𝑚𝑐
 and slope 

𝑐−1

𝑛𝑚𝑐
 can be used to calculate the values of nm and c. Therefore, the surface area can 

be computed from the monolayer capacity on the assumption of close packing: 

𝐴 = 𝑛𝑚𝛼𝑚𝐿      (3.3) 

Where αm is the molecular cross-sectional area of the adsorbate, nm is the monolayer 

capacity, and L is the Avogadro constant. Nitrogen is the most appropriate gas for surface area 

determination. If it is assumed that the BET monolayer is close-packed, then 𝛼𝑚 will be 0.162 nm2 

at 77 K. 
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The pore-size distribution is usually determined by the BJH model (named after its 

discoverers Barrett, Joyner and Halenda) or non-local density functional NLDFT theory. The DFT 

methods were developed by taking into account the particular characteristics of the hysteresis like 

pore shape. Non-intersecting pores of different size are assumed to be of the same regular shape 

(cylinders, slits or spheres). Correspondingly, pore size distributions are calculated for a given pore 

geometry, using a series of theoretical isotherms (kernels) for pores of a given chemical 

composition of the respective geometry with different diameters. In principle, NLDFT method may 

be applied over the complete range of nanopore sizes when suitable kernels are available.  

 

3.1.5 Electron microscopy 

Electron microscopy has emerged as an extremely powerful tool to characterize micro and 

nanoscale materials. This technique can provide information about not only the size and shape of 

materials, but also their crystallographic structures and elemental compositions. In principle, 

electron microscopes use a beam of highly energetic electrons to examine objects on a very fine 

scale. The power and versatility of electron microscopy derives from the variety of ways in which 

the primary electron beam interacts with the sample, and the fact that the strength of the various 

interactions is very dependent on the sample’s physical structure, topography, crystallography and 

chemistry. There are generally two types of electron microscope: transmission electron microscope 

(TEM) and scanning electron microscope (SEM). They exploit different signals generated from 

electron beam-atom interactions for material characterization. In the present research, electron 

microscopy was used to reveal the morphology, size, and shape of the samples. Moreover, SEM 

instrument provided some information on chemical composition of the samples via X-ray energy 

dispersive spectrometer (EDS). 

 

3.1.6 Elemental analysis 

The most reliable elemental analysis method to determine the contents of light elements 

like H, C, and N in a compound, to my knowledge, is Carbon/Hydrogen/Nitrogen/Sulphur 

(C/H/N/S) analysis, which is performed via the quantitative ‘dynamic flash combustion’ method. 
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This technique is based on the complete and instantaneous oxidation of the sample. In our works, 

we have used this analysis to verify the structure of and propose a chemical formula for the prepared 

polyoxotungstates. The used instrument was EA 1108 Fisons, and the method of analysis is briefly 

explained here: 

1. Approximatively 2 mg of sample are weighed in a tin container, which is placed inside 

an autosampler drum purged with a continuous flow of helium. The samples are 

introduced at preset intervals into a combustion reactor (quartz tube maintained at 1021 

°C). 

2. Inside this furnace, the helium stream is temporarily enriched with pure oxygen when the 

samples are dropped. The sample and its container melt. The tin promotes a violent 

reaction under these conditions, which leads to a complete oxidation of all the substances 

(even the thermally resistant ones). Quantitative conversion in combustion products 

(CO2, H2O, N2, SO2) is achieved by passing the mixtures of gases over the different layers 

of the reactor. 

3. The combustion gases are separated by gas chromatography using helium as carrier gas. 

The detection is done using a thermal conductivity detector (TCD) giving an output signal 

proportional with the concentration of the components: C, H, N, S. 

4. The calibration of the instrument is performed using certified standards and ‘quality 

control’ samples are run for validation of the results (see detailed procedure below). 

A calibration curve is built using standards. Standards are also analysed as unknown for 

quality control purpose. The analyses are performed as follows: 

3-6 analyses of standards (calibration curve) 

1 analysis of a standard as unknown (‘quality control’ sample) 

6-10 analyses (unknown) 

1 analysis of a standard as unknown (‘quality control’ sample) 

6-10 analyses (unknown) 

3-6 analyses of standards (calibration curve) 

1 analysis of a standard as unknown (‘quality control’ sample) 
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6-10 analyses (unknown) 

1 analysis of a standard as unknown (‘quality control’ sample) 

6-10 analyses (unknown) 

3-6 analyses of standards (calibration curve) 

…… 

Certified standards from the company Isomass are used. The standards having % C, N, H, 

S close to those of the unknown samples are chosen. For the ‘quality control’ samples the validation 

criteria versus the expected values for the standards used are presented in Table 3.1. 

Table 3.1. Concordance criteria of CHNS analysis 1. 

% of each element Accepted difference 

C, H, N 

5.00 – 9.99 ± 0.15 

10.0 – 24.9 ± 0.25 

25.0 – 90.0 ± 0.30 

S 

< 25.0 1 ± 1.00 

1. For the samples containing more than 25 % S, the instrument is less reliable. 

Duplicate analyses are always performed for each unknown sample. The strict concordance 

criteria for the two analyses of the same sample are presented in Table 3.1 (differences of ± 0.30 

% for C, H, N, and ± 1.00 % for S are usually considered acceptable). The results not being 

concordant could indicate: presence or impurities, heterogeneity, decomposition, other. The 

detection limits for the analyses are the following: 0.3 % for C, H, N and 1.0 % for S. 

 

3.1.7 Zeta potential analysis 

Zeta potential analysis is critical in understanding the electrical charge characteristics of 

sample particles. The electrical charge properties control the interactions between particles and 

therefore determine the overall behavior of a sample suspension.  

The liquid layer surrounding the particle exists as two parts; an inner region (Stern layer) 

where the ions are strongly bound and an outer (diffuse) region where they are less firmly 

associated. Within the diffuse layer, there is a notional boundary inside which the ions and particles 
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form a stable entity. When a particle moves (e.g., due to gravity), ions within the boundary move 

with it. Those ions beyond the boundary stay with the bulk dispersant. The potential at this 

boundary (surface of hydrodynamic shear) is the zeta potential (Figure 3.4). 

 

Figure 3.4. Zeta potential and ionic distribution of a negatively charged particle. 

The zeta potential of a particle cannot be measured directly, but can be calculated from 

measurements of the velocity of a particle in suspension when an electric field is applied. Particle 

velocity in the liquid, referred to as electrophoretic velocity, depends on the strength of the electric 

field, the dielectric constant of the liquid, the viscosity of the liquid, and the size and zeta potential 

of the particle. The electrophoretic velocity can be measured by using techniques called laser 

doppler velocimetry and phase analysis light scattering. The frequency shift or phase shift of an 

incident laser beam scattered by the sample particles moving in an electric field is measured and 

used to calculate the electrophoretic mobility.  

The magnitude of the zeta potential gives an indication of the potential stability of the 

colloidal system. If all the particles in suspension have a large negative or positive zeta potential, 

then they will tend to repel each other and there will be no tendency for the particles to come 

together. However, if the particles have low zeta potential values then there will be no force to 

prevent the particles coming together and flocculating. In our study, zeta potential analysis was 

used to characterize the stability of the catalyst colloidal suspension. 
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3.2 Quantitative analysis of the catalytic tests 

The most common method for the determination of the fatty acids composition in a lipid 

mixture is gas-liquid chromatography (GLC). In the terms of fatty acids reactions, since several 

substrates are usually involved in a reaction, it would be more beneficial to utilize a gas 

chromatograph equipped with a mass detector. In this way, the Gas chromatography-mass 

spectrometry (GC-MS) not only quantifies but also identifies the different chemicals in the 

reaction. Figure 3.5 shows a typical GC-MS system. Therefore, in our works, GC-MS analysis was 

used for the separation, identification, and quantification of the products after the reaction. 

Due to the long chain and, also, presence of carboxyl functional group, fatty acids are highly 

polar compounds that tend to form hydrogen bonds. This affinity results in adsorption issues of 

fatty acids on the stationary phase inside of the GC capillary column. Therefore, fatty acids in their 

free form are difficult and fallible to analyze with GC. Although some polar stationary phases (such 

as FFAP column from Agilent Company) have been recently developed for direct analysis of free 

fatty acids, more accurate and reproducible chromatographic data are obtained if the fatty acids are 

derivatized to their respective methyl esters. Reducing the polarity of fatty acids make them more 

amenable for analysis. Converting fatty acids to fatty acid methyl esters is the most common 

method for preparation of fatty acids prior to GC analysis, because methyl esters offer excellent 

stability, and provide quick and quantitative samples for analysis. Moreover, neutralizing the polar 

carboxyl group leads to easier distinguish between the very slight differences exhibited by 

unsaturated fatty acids. Fatty acid methyl esters (FAMEs), then, can be separated by boiling point 

difference, degree of unsaturation, position of unsaturation, and even the cis and trans 

configurations of unsaturation. 

 

3.2.1 Derivatization process prior to GC-MS analysis 

Throughout our catalytic tests, after a typical oxidative cleavage reaction, the products 

mixture underwent a derivatization reaction, in which the expectedly produced azelaic and 

pelargonic acids, and possibly unreacted oleic acid were esterified to dimethyl azelate, methyl 

pelargonate, and methyl oleate, respectively. A general esterification reaction of fatty acids is 

shown in Equation 3.4. The process involves heating the acid in an alcoholic solvent (commonly 
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methanol) in the presence of an acidic catalyst. The role of catalyst in this reaction is protonation 

of oxygen in the carboxyl group (see Scheme 3.1, step 1) to make the acid more reactive to 

nucleophiles. Methanol molecule then reacts with the protonated acid (step 2) resulting in the loss 

of water and production of ester (step 3). This reaction is reversible, therefore to obtain a higher 

yield, removing water is necessary which can be done by using a water scavenger (such as 

anhydrous sulfuric acid and graphite bisulfate) or performing the reaction at temperatures higher 

than 100°C. 

 

Figure 3.5. Different parts of a GC-MS system. 

R-COOH + CH3OH → R-COO-CH3 + H2O                                                            (3.4) 
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Scheme 3.1. Three steps mechanisms of esterification of mono and dicarboxylic acids over acid catalysts. 

3.2.2 Chromatograms analysis and calculation procedure 

First, the GC-MS was calibrated by the analytical standards of dimethyl azelate, methyl 

pelargonate, and methyl oleate. Obtaining the calibration curves is a very critical step in the 

quantitative analysis. In addition to the instrument’s operating conditions, concentrations of the 

standard samples must be carefully chosen to obtain a linear calibration curve. A rule of thumb 

says not more than 500 ppm of analyte should enter to the mass detector to obtain a linear 

calibration curve. According to this and based on the flow rate of the carrier gas and the split ratio 

(see section 3.2.3), we calculated the proper concentration of the sample solutions for injection to 

GC-MS, which resulted in excellent linearity of the calibration curves. Admittedly, the calibration 

curves must be reproduced regularly. Figure 3.6 shows typical calibration curves obtained for 

methyl oleate, dimethyl azelate, and methyl pelargonate. 

After the catalytic reaction (oxidative cleavage of oleic acid) and the derivatization process, 

a typical esterified sample, expectedly including dimethyl azelate, methyl pelargonate, and 

possibly methyl oleate, was injected to GC-MS. A constant and exact amount was injected each 

time, and the injection was repeated at least four times for each sample to be averaged. The peaks 

in the obtained chromatograms always had excellent shape and sharpness, owing to the carefully 

chosen column type and operating conditions of GC (see section 3.2.3), which lead to reliable 

results. Figure 3.7 shows a typical chromatogram of the reaction products. Based on peak areas in 
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the chromatograms and the calibration curves, conversion and yields of the oxidative cleavage 

reaction were calculated, using the following formulas: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑚𝑜𝑙𝑒)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 (𝑚𝑜𝑙𝑒)
 × 100                   (3.5) 

𝑌𝑖𝑒𝑙𝑑(𝐴) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝐴 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑚𝑜𝑙𝑒)

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑚𝑜𝑙𝑒) 
 × 100                            (3.6) 

 

 

Figure 3.6. Typical calibration curves of (a) methyl oleate, (b) dimethyl azelate, and (c) methyl pelargonate. 

The properly adjusted temperature programming allowed separation of methyl pelargonate, 

dimethyl azelate, and methyl oleate with discrete retention times (Rt) of 10.4, 15.8, and 26.8 min, 

respectively (see Figure 3.7). Some other peaks are also observed in the chromatograms, indicating 

presence of by-products, which were qualitatively analyzed by MS, as follows. Small and often 

negligible peaks in e.g. Rt= 6.8, 8.9, 11.2, and 16.7 min belonged to octanal, methyl esters of 

hexanoic and octanoic acids, and 9,10-dihydroxy octadecanoic acid, respectively, which were 
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produced by impurities of the reactants and/or insignificant side reactions (e.g. hydroxylation). 

Two relatively more considerable peaks in Rt= 8.6 and 13.8 min belonged to nonanal and 9-

oxononanoic acid, respectively, which were produced by partial-oxidation of oleic acid. Since after 

minute 30 no significant peak was obtained, the chromatograms have been generally monitored up 

to Rt= 30 min. 

 

Figure 3.7. A typical gas chromatogram of the products (after derivatization) of oxidative cleavage of oleic acid. 

It should be noted that such by-products like 9-oxononanoic acid, which are the direct result 

of involvement of carboxylic group in the reaction, has made oxidative cleavage of unsaturated 

fatty acids, compared to alkenes and cyclic olefins, more complicated and investigation of their 

reaction mechanism more difficult. It makes more sense given the fact that 9-oxononanoic acid is 

not commercially available (in known chemical provider companies), which makes calibration of 

chromatography systems by the analytical standard of this chemical, and consequently its 

quantitative analysis by these systems impossible.  

 

3.2.3 Apparatus and design 

The GC-MS included a Hewlett-Packard HP 5890 series GC system and MSD Hewlett-

Packard model 5970. GC system was equipped with Zebron ZB-5MS capillary column (30 m × 

0.25 mm × 0.25 mm). Helium was used as a carrier gas with the flow rate of 30 mL/min. A split 
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ratio of 20:1 was fixed. The front inlet temperature was 280 °C. The oven temperature program 

consisted of maintaining at 50 °C for 2 min, then a ramp rate of 10 °C/min to 160 °C following by 

a hold-up time of 1 min, and further increase with the rate of 5°C/min to 290 °C. Direct injection 

by a 5.0 µL syringe (SGE fixed needle, 23-26 gauge/42mm L/Cone Tip, Phenomenex Co.) was 

employed with 1.0 μL injection amount for each run. HP Chemstation software was used to analyze 

data. 
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Résumé 

Les acides gras insaturés peuvent être convertis en acides mono- et dicarboxyliques, qui 

sont des matériaux de valeur utile, par réaction de clivage oxydatif en présence d'un système 

catalyseur / oxydant hautement efficace. Dans ce travail, deux types de catalyseurs hétérogènes 

avancés ont été développés; (i) oxyde de tungstène mésoporeux / oxyde de γ-alumine à haute 

surface spécifique et (ii) nanoparticules d'oxyde de tungstène coiffées de tensioactif. Diverses 

techniques, y compris les isothermes d'adsorption / désorption de N2, XRD, SEM, EDS, TGA et 

test catalytique ont été utilisées pour controler les propriétés physico-chimiques et catalytiques de 

ces matériaux. Les résultats de caractérisation ont révélé que ces types de matériaux  (i) présentent 

une surface spécifique élevée et une distribution granulométrique étroite, et que le tensioactif utilisé 

pourrait couvrir assez quantitativement la surface de ces types de matériaux(ii). 

Les activités catalytiques de ces matériaux dans le clivage oxydatif de l'acide oléique avec 

H2O2 en tant qu'oxydant ont été étudiées. La GC-MS a été utilisée pour déterminer les quantités 

produites des produits désirés, les acides azélaïques et pélargoniques. Les résultats des essais 

catalytiques ont montré une conversion de plus de 90% pour ce type de catalyseur (ii) en une 

réaction de 5 h à 120 ° C avec des rendements de production acceptables pour les acides azélaïques 

et pélargoniques. L'activité significativement plus élevée de ce catalyseur par rapport a ce genre (i) 

provient des propriétés de surface intéressantes des nanoparticules d'oxydes de tungstène qui les 

rendent capables d’exploiter les bonnes caractéristiques des catalyseurs homogènes et hétérogènes.   
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Abstract 

Unsaturated fatty acids can be converted into mono and dicarboxylic acids, which are 

applicably valuable materials, through oxidative cleavage reaction in the presence of a highly 

efficient catalyst/oxidant system. In this work, two types of advanced heterogeneous catalysts have 

been developed; (i) high surface area mesoporous tungsten oxide/γ-alumina mixed metal oxide, 

and (ii) surfactant-capped tungsten oxide nanoparticles. Various techniques including N2 

adsorption/desorption isotherms, XRD, SEM, EDS, TGA and catalytic test were used to monitor 

the physicochemical and catalytic properties of these materials. The characterization results 

revealed that type (i) materials exhibit high surface area and narrow particle size distribution, and 

the used surfactant could quantitatively enough cap the surface of type (ii) materials. The catalytic 

activities of these materials in the oxidative cleavage of oleic acid with H2O2 as oxidant were 

investigated. GC-MS was used to determine the produced amounts of the desired products, azelaic 

and pelargonic acids. The catalytic test results showed more than 90% conversion for type (ii) 

catalyst in 5 h reaction at 120 °C with acceptable production yields for azelaic and pelargonic acids. 

The significantly higher activity of this catalyst compared to type (i) arises from the interesting 

surface properties of tungsten oxides nanoparticles, which make them able to exploit the good 

features of homogeneous and heterogeneous catalysts. 
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4.1 Introduction 

Oils and fats of vegetable and animal origin have rapidly attracted a growing interest as 

renewable materials for feedstock in oleochemical industries [12,6,8,13]. This attention arises from 

not only environmental reasons, but also economic ones. Unsaturated fatty acids, as the constituents 

of lipids, could undergo different reactions to produce a variety of products, even more than 

petrochemistry products [7]. Oxidation of unsaturated fatty acids possesses an industrially great 

importance, since it results in the production of mono and dicarboxylic acids which are applicably 

valuable materials. This oxidation reaction, which is called oxidative cleavage due to the cleavage 

of carbon-carbon double bond(s) during the reaction, can be done in the presence of a highly 

efficient catalyst/oxidant system. Currently, azelaic acid (C9, dicarboxylic acid) is produced in 

large-scale via ozonolysis of oleic acid. Pelargonic acid (C9, monocarboxylic acid) is obtained as 

a co-product but also a valuable chemical [1]. These types of saturated acids that have short and 

odd hydrocarbon chains are rare in natural resources [2]. On the other hand, they are very attractive 

initial materials for the development of numerous bio-based products [4,3]. For instance, azelaic 

acid converts into different esters for the preparation of polymers (Nylon 6:9), plasticizers, 

adhesives, solvents, biodegradable lubricants, corrosion inhibitors, and anti-acneic agent for 

cosmetics [2,3]. Pelargonic acid is an intermediate in the production of lubricants, plasticizers, 

perfumes, herbicides, fungicides, resins [5,3].  

Although the ozonolysis of oleic acid has shown high conversion and selectivity [25,2,1,3], 

hazardous problems associated with the use of ozone have always been a challenge [8]. Using 

benign oxidants such as hydrogen peroxide in the oxidation reaction (Equation 4.1), however, 

makes it necessary to employ a highly efficient catalytic system. In our recent review paper, all the 

catalytic systems reported in literature for this purpose have been thoroughly investigated[91]. 

Transition metals such as osmium, cobalt, molybdenum, chrome, gold, manganese, iron, 

ruthenium, and tungsten have been used as catalytic active sites, with more emphasis on Ru and 

particularly W. In spite of the excellent conversion and selectivity shown by homogeneous catalysts 

[64,60,59,2,65,63,61,62,58,57,54,56,55,53,3], their large-scale applications have been always 

restricted due to the lack of catalyst recovery. Curiously, use of heterogeneous catalysts with 

recycling ability has been scarcely reported [75,48,45], which would arise from their lower 
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conversion compared to homogeneous catalysts. This is mainly because of low catalyst/reactant 

contact from either low active site availability or pore diffusion limitations. Mesoporous materials 

have shown potential applications as either catalysts or supports for liquid-phase reactions of oils 

and fats [333,37]. Using mesoporous MCM-41 and microporous zeolites as catalyst support in the 

oxidative cleavage of oleic acid, Dapurkar et al. demonstrated the advantages of mesoporous 

catalysts compared to microporous ones [75]. Another way to improve the performance of 

heterogeneous catalysts is employing advanced nanocatalysts. The available results for 

nanocatalysts, although very rare, confirm that they could increase the activity of solid catalysts in 

oxidative cleavage of oleic acid [87,1]. Surface properties of metals oxides nanoparticles provide 

a great promise in their further modifications, which will make them favorable for use as catalysts 

in the biphasic oxidation reactions of unsaturated fatty acids. 

𝐻3𝐶(𝐶𝐻2)7𝐶𝐻 = 𝐶𝐻(𝐶𝐻2)7𝐶𝑂𝑂𝐻 + 4𝐻2𝑂2
𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→       

𝐻3(𝐶𝐻2)7𝐶𝑂𝑂𝐻 + 𝐻𝑂𝑂𝐶(𝐶𝐻2)7𝐶𝑂𝑂𝐻 + 4𝐻2𝑂                                                 (4.1) 

In this work, we report a facile synthesis method for incorporating tungsten oxide into 

mesostructured γ-alumina with high surface area. In order to investigate the effect of WO3 on the 

porosity of the mixed metal oxide, samples with different loadings of tungsten oxide were 

compared to pure alumina and pure WO3. Then, the catalytic activities of WO3/ γ-Al2O3 samples 

in the oxidative cleavage of oleic acid were investigated. Furthermore, capping the surface of 

tungsten oxide nanoparticles with a surfactant, as a strategy for enhancement of catalytic 

performance, was developed, and the results were compared to those of the mesostructured 

catalysts. 

4.2 Experimental 

4.2.1 Materials and reagents 

Aluminium isopropoxide (Al(O-i-Pr)3, ≥ 98%), oleic acid (90%), tert-butanol (≥ 99%), and 

boron trifluoride (BF3-methanol, 10% w/w) were purchased from Sigma Aldrich Co. Ammonium 

tungsten oxide hydrate (NH4)6W12O39.xH2O and D-(+)-Glucose (anhydrous, 99%) were provided 

by Alfa Aesar Co. Hydrogen peroxide (aqueous solution, 30 %) was purchased from Fisher 

Scientific Co. 
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4.2.2 Synthesis 

Mesoporous tungsten oxide/γ-alumina mixed metal oxide. Tungsten oxide/γ-alumina were 

synthesized using a facile hydrothermal method followed by calcination. In a typical synthesis, 2.1 

g (10.28 mmol) of Al(O-i-Pr)3 and 1.8 g glucose were dissolved into 30 ml water/propanol (50/50 

volume ratio). Then, nitric acid (10 wt %) was added dropwise to the solution to adjust the pH at 

around 5. Subsequently, a certain amount of ammonium tungsten oxide hydrate (0.13, 0.65, and 

1.3 g for the samples II, III, and IV, respectively and 1.3 g for sample V) was added to the solution 

under high stirring. The prepared mixture was, then, transferred to a stainless steel autoclave and 

thermally treated at 200 °C for 24 h. After naturally cooling down, the obtained powders were 

separated using centrifuge at 5000 rpm and washed several times with water and ethanol. In the 

final step, the as-prepared dry products were annealed in a furnace at 600 °C for 3 h in air. 

Surfactant-capped tungsten oxide nanoparticles. 0.70 g of ammonium tungsten oxide 

hydrate was dissolved into 15 ml water/ethanol (50/50 volume ratio), followed by adding 0.21 g 

oleic acid as surfactant, and the prepared solution was then transferred to the stainless steel 

autoclave for thermal treatment at 200 °C for 24 h. Finally, separation with centrifuge at 5000 rpm 

and washing several times with water and ethanol were carried out. The prepared samples and 

synthesis conditions are shown in Table 4.1. 

Table 4.1. Synthesis conditions and prepared samples. 

Sample Thermal treatment 
Calcination 

temperature (°C) 

WO3/Al2O3 

molar ratio 

Surfactant/W 

molar ratio 

 
Temperature 

(°C) 
Time (h)    

Mesoporous tungsten oxide/γ-alumina mixed metal oxide 

I 200 24 600 0 - 

II 200 24 600 1/10 - 

III 200 24 600 5/10 - 

IV 200 24 600 10/10 - 

V 200 24 600 - - 

Surfactant-capped tungsten oxide nanoparticles 

VI 200 24 - - 0.26 
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4.2.3 Characterization 

N2 adsorption-desorption isotherms were determined at the temperature of liquid nitrogen 

with a Quantachrome Autosorb-1 system. The BET surface areas were calculated in the range of 

0.05-0.3 P/P0. Before the measurements, the samples were outgassed under vacuum for 6 h at 150 

°C. The total pore volume (Vpore) was calculated from the amount of nitrogen adsorbed at P/P0 = 

0.95. Powder X-ray diffraction (XRD) patterns of the samples were obtained on a Bruker SMART 

APEXII X-ray diffractometer equipped with a Cu Kα radiation source (λ=1.5418 Å). Scanning 

electron microscopy (SEM) images were taken on a JEOL 6360 instrument at an accelerating 

voltage of 3 kV. Thermogravimetric analysis (TGA) was performed with a TGA Q500 V20.13 

Build 39 thermogravimetric analyzer from room temperature to 800 °C with a heating rate of 5 °C 

min-1 under an air flow of 50 mL min-1. 

4.2.4 Oxidative cleavage reaction of oleic acid 

Typically, a 50-mL, round-bottom flask was used to conduct the reactions under a 

batchwise constant temperature and constant pressure mode. This reactor was equipped with a 

condenser, a magnetic stirrer and an oil bath. The reaction feed included 2 g oleic acid, 6 mL H2O2 

(30% concentration), and 15 mL tert-butanol as solvent. After adding a constant amount of the 

synthesized catalyst (0.9 g) to the reaction media, the flask was put in the oil bath which was 

previously heated and maintained at the constant temperature of 120 °C. During the reaction, the 

reactor content was agitated continuously with the magnetic stirrer. After 5 h reaction, the catalyst 

particles were separated using centrifuge at 6000 rpm. 

Quantitative analysis of the reaction products: Gas chromatography-mass spectrometry 

(GC-MS) was used for the separation and quantification of methyl esters of fatty acids. The GC-

MS system included a Hewlett-Packard HP 5890 series GC system and MSD Hewlett-Packard 

model 5970. The GC system was equipped with Zebron ZB-5MS capillary column (30 m × 0.25 

mm × 0.25 mm). Helium was used as a carrier gas with the flow rate of 30 mL/min. A split ratio 

of 15:1 was fixed. The front inlet temperature was 280 °C. The oven temperature program consisted 

of maintaining at 50 °C for 2 min, then a ramp rate of 10 °C/min to 160 °C following by a hold-up 

time of 1 min, and further increase with the rate of 5°C/min to 290 °C. Direct injection was 
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employed with 0.1 μL injection amount for each run. HP Chemstation software was used to analyze 

data. 

Fatty acids are difficult to analyze with GC, because these highly polar compounds tend to 

form hydrogen bonds with the stationary phase in GC columns, leading to adsorption issues. 

Reducing their polarity make them more amenable for analysis. Esterification of fatty acids to fatty 

acid methyl esters is the most common method for preparation of fatty acids prior to GC analysis. 

Methyl esters offer excellent stability, and provide quick and quantitative samples for analysis. 

Therefore, All samples were converted to their respective methyl esters before analysis by Metcalfe 

et al. derivatization procedure [334,335] using boron trifluoride solution in methanol.  

In order to present the results more clearly, the terms conversion (mole %) and yields (mole 

%) are defined as follows: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑
 × 100                                     (4.2) 

𝑌𝑖𝑒𝑙𝑑(𝐴) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝐴 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 
 × 100                                              (4.3) 

 

4.3 Results and discussions 

4.3.1 Synthesized samples characterization 

N2-adsorption/desorption isotherms confirmed the formation of mesoporous structures for 

the samples I-V (Figure 4.1). All of these samples possessed type IV isotherm (based on IUPAC 

definition) which is characteristic of mesoporous materials. In fact, the presence of glucose in the 

synthesis media is critical for the formation of the mesoporous structure. It has been shown that in 

the synthesis of alumina, no uniform pores can be obtained when glucose is not used [336]. The 

role of glucose would be as a template that interacts with the metals species via hydrogen bonding. 

The high amount of functional hydroxyl group in the structure of glucose provides an appropriate 

charge on its surface in the synthesis precursor, which will make adsorption of the metals cations 
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easier. Such interactions could play an important role in directing the structure to mesophase 

formation during the gelation [337]. 

 

 

Figure 4.1. N2-adsorption/desorption isotherms and pore size distributions of (a) sample I, (b) sample II, (c) sample 

III, (d) sample IV, and (e) sample V. 

A high BET surface area (361 m2/g) and a narrow pore size distribution were obtained for 

pure γ-alumina (sample I, Table 4.2). Increase in tungsten oxide content decreased the surface area; 

as Table 4.2 shows. Prepared samples with WO3/γ-Al2O3 molar ratio of 1/10, 5/10, and 10/10 had 
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surface area of 308, 251, and 204 m2/g, respectively. It should be highlighted that these high surface 

areas were obtained even after the calcination at 600 °C. This means that the synthesized 

mesoporous tungsten oxide/γ-alumina mixed metal oxides had very high thermal stability which 

can arise from thick pore wall. Adding WO3, also, reduced the average pore size due to the 

difference in dimensionality of molecules of tungsten and aluminium oxides. Sample IV, however, 

did not comply with this trend. It would be because of a disorder in the mesostructure of alumina 

that happened at high content of WO3. Curiously, there was a significant decrease in the surface 

area of pure tungsten oxide (sample V) compared to previous samples. The main reason is that the 

hollow structure, which could be obtained by using glucose as template, collapses during the 

calcination at high temperatures in the absence of alumina because of less thermal stability. This 

collapse in the hollow structure for sample V is obvious in its SEM image (Figure 4.2 e). 

Comparing the SEM images of the samples I-IV in Figure 4.2 reveals a slight change in the 

morphology of the samples, from uniform morphology to two-phase morphology. Also, it is clear 

in Figure 4.2 f that the presence of oleic acid as surfactant in the synthesis of sample VI strongly 

affected its morphology. 

Powder X-ray diffraction (XRD) patterns of the samples I-V are presented in Figure 4.3. 

Pure metal oxide samples, samples I and V indicated the crystalline structure of γ-Al2O3 and 

tungsten oxide, respectively. Incorporating tungsten oxide into the structure of alumina, however, 

decreased the intensity of the characteristic peaks of γ-alumina. This shows that crystalline 

structure of mesoporous alumina can be affected by incorporating another metal oxide. On the 

other hand, by increasing WO3 content, one of the main peaks of tungsten oxide (2θ ≈ 24°) was 

emerged in sample IV pattern. Energy-dispersive X-ray spectroscopy (EDS) results of the samples 

I-IV, as shown in Figure 4.4, demonstrate the increase of tungsten oxide content in the 

mesostructure of γ-alumina. 

Table 4.2. N2-adsorption/desorption isotherms results. 

Sample 
WO3/Al2O3 

molar ratio 
S

BET 
(m

2
/g) Pore volume (cm

3
/g) Average pore size (nm) 

I 0 361 1.30 14.5 

II 1/10 308 0.64 8.3 

III 5/10 251 0.68 5.5 

IV 10/10 204 0.62 12.2 

V - 26 0.08 11.9 
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Figure 4.2. SEM images of (a) sample I, (b) sample II, (c) sample III, (d) sample IV, (e) sample V, and (f) sample 

VI. 

 

Figure 4.3. XRD patterns of (a) sample I, (b) sample II, (c) sample III, (d) sample IV, and (e) sample V. 
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Figure 4.4. EDS spectrums of (a) sample I, (b) sample II, (c) sample III, and (d) sample IV. 

In order to investigate the presence of surfactant on the surface of tungsten oxide 

nanoparticles thermogravimetric analysis (TGA) of the sample VI is shown in Figure 4.5. The 

amount of surfactant oleic acid on the surface of WO3 nanoparticles was approximated about 5.25 

wt%. 

 

Figure 4.5. Thermogravimetric behavior of sample VI. 
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4.3.2 Catalytic study 

Sample II, III, and IV (mesoporous tungsten oxide/γ-alumina) and sample VI (surfactant-

capped tungsten oxide nanoparticles) were employed as catalysts in the oxidative cleavage of oleic 

acid to investigate the effect of WO3 loadings on the catalytic activity, on one hand, and compare 

the activities of the two types of advanced heterogeneous catalysts, on the other hand. The catalytic 

tests results are summarized in Table 4.3.  

Table 4.3. Catalytic test results. 

Sample Conversion (%) Yield (azelaic acid) (%) Yield (pelargonic acid) (%) 

II 78 20 7 

III 72 28 9 

IV 60 32 15 

VI 95 58 24 

 

After 5 h reaction, sample II could convert 78% of initial oleic acid. The yields of 

production of the desired products, i.g., azelaic and pelargonic acids, however, were quite low. 

Increasing WO3 loading in samples III and IV although made higher yields, slightly decreased the 

conversion. Among all the porous structures, mesoporous catalysts seem to be more convenient for 

oxidative cleavage of oleic acid, because of the higher dimensionality of the interaction between 

the components and the catalyst surface. Microporous materials, which are widely used as 

heterogeneous catalysts in the refining and petrochemical industry mainly due to their high surface 

area, are not useful for the oils and fats reactions because of the relatively large molecular size of 

oleochemicals; molecules of oleic acid (molecular size about 2 nm [72]) cannot easily enter the 

pores of microporous catalysts (pore size less than 2 nm [71]), so all the surface area is not 

accessible. On the other hand, the catalytic activity of macroporous materials is poor as the result 

of their relatively low surface area. Average pore size of 8.3, 5.5, and 12.2 nm in samples II, III, 

and IV, respectively, and relatively high surface areas resulted in the acceptable reaction 

conversion. A downward trend in the reaction conversion from sample II (with higher surface area) 

to sample IV (with lower surface area) is because of the decrease in contact area between the 

reactants and catalysts. The obtained higher yields for samples III and IV arise from the presence 

of more tungsten oxide as active sites in the catalyst structure. 
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The surfactant-capped nanoparticles catalyst (sample VI) showed excellent activity; 95% 

conversion for oleic acid and 58% and 24% production yields for azelaic and pelargonic acids, 

respectively, were obtained. Generally capping the surface of nanoparticles with surfactant could 

be an efficient strategy to increase their catalytic performance. In particular, in the liquid medium 

of oxidation of oleic acid reaction, using a proper surfactant could result in better dispersion due to 

the fact that surfactants can oppose van der Waals forces. In this way, the aggregation of particles 

will be prevented and, consequently, catalytic activity of the catalyst will not decrease during the 

reaction [90]. Scheme 4.1 illustrates the performance of surfactant-capped tungsten oxide 

nanoparticles as catalysts in the oxidative cleavage of oleic acid with hydrogen peroxide in a 

molecular view[91]. The surfactant capped on the surface of tungsten oxide nanoparticles is oleic 

acid. Having both hydrophilic head and hydrophobic chain, surfactant molecules reinforce the 

stability of emulsion in the biphasic reaction which consists of aqueous phase (H2O2 solution) and 

organic phase (oleic acid). Moreover, free molecules of oleic acid, which can be located at the 

interface due to having hydrophilic and hydrophobic parts, also contribute to the emulsion stability. 

Since the reaction occurs mostly at the interface, high concentration of the heterogeneous catalyst 

at the interface is preferred which is highly likely possible with the aid of surfactant. This is the 

result of two counter effects; while hydrophilic surface of tungsten oxide immerses them into the 

aqueous phase, hydrophobic chain of surfactant drags the catalyst toward the organic phase.  
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Scheme 4.1. Schematic illustration for surfactant-capped tungsten oxide nanoparticles as efficient nanocatalyst. (a) 

Surfactant (oleic acid) molecule, (b) hydrophobic surface of surfactant-capped nanoparticles and (c) Performance in 

the biphasic oxidative cleavage of oleic acid. Presence of surfactant (i) contribute to the stability of emulsion and (ii) 

prevents aggregation of the catalyst particles [91]. 

The presence of the surfactant-capped catalysts at the interface makes adsorption of H2O2 

molecules from aqueous phase easier. Then, a kind of peroxo-metal complex can be formed at the 

surface of tungsten oxide particles. On the other hand, the hydrophobic chain of the surfactant 

attracts the oleic acid molecules, as the main reactant, from organic phase, and then the reaction 

takes place on the surface of tungsten oxide particles. The peroxo-metal complex is believed to be 

efficiently responsible for oxidizing of olefins [45]. As soon as one molecule of H2O2 becomes 

consumed to produce peroxo species, another molecule of hydrogen peroxide will be adsorbed on 

the surface, and therefore the reaction will be continued. Actually, the role of phase transfer agent 

in the homogenous systems, to which the high reaction efficiency was ascribed [64,2,65,63,62,3], 

can be played by the surfactant in this heterogeneous catalytic system. Capping the tungsten oxide 

nanoparticles with oleic acid, a catalytic system was developed in this work that has the best 

properties of both homogeneous and heterogeneous systems. 
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4.4 Conclusion 

In order to overcome the common disadvantages of heterogeneous catalysts in the oxidation 

reactions of unsaturated fatty acids, two types of advanced heterogeneous catalysts were developed 

in this work. To increase the contact area and time between the reactants, high surface area tungsten 

oxide/γ-alumina mixed metal oxides with different loadings of WO3 were successfully synthesized. 

The mesoporous structure of these catalysts provided a higher dimensionality between the 

components and the catalyst surface which resulted in an acceptable conversion. Also, to increase 

the dispersion of the solid catalyst particles in the biphasic oxidative cleavage reaction of oleic 

acid, surfactant-capped tungsten oxide nanoparticles were synthesized. The catalytic test results 

demonstrated that capping the surface of tungsten oxide nanoparticles with oleic acid as surfactant 

could considerably increase the catalytic activity of the solid catalyst. In fact, the unique properties 

of nanoparticles would propose them as the frontier of homogeneous and heterogeneous catalysts 

that can exploit the high activity of homogenous catalyst. However, an obstacle remaining in the 

application of nanocatalysts is their recovery from the liquid solution after catalytic reactions. To 

overcome this limitation, the nanomaterials assembled with a super-paramagnetic material such as 

Fe3O4 nanoparticles should be studied. 

 

Acknowledgment 

This work was supported by the Natural Science and Engineering Research Council of 

Canada (NSERC) through the INNOV-UC and Discovery grants. The authors wish to thank the 

industrial partners (Oleotek and SiliCycle Inc.) for stimulating discussions and comments. 

 

 

  



111 

 

Chapter 5. Synthesis, organo-functionalization, and catalytic 

properties of tungsten oxide nanoparticles as 

heterogeneous catalyst for oxidative cleavage of 

oleic acid as a model fatty acid into diacids 

 

Amir Enferadi-Kerenkan 1, Aimé Serge Ello 1, 2, and Trong-On Do 1* 

 

1. Department of Chemical Engineering, Université Laval, Québec, G1V 0A6, Canada. 

2. Laboratoire de Chimie Physique, Université Félix Houphouët-Boigny de Cocody, 22 bp 

582 Abidjan, Cote d’Ivoire. 

 

Industrial & Engineering Chemistry Research, 2017, 56 (38), 10639-10647. 

 

 
  



112 

 

 

Résumé 

Une série de nanoparticules d'oxyde de tungstène (NPs) a été synthétisée par une approche 

verte et directe exploitant la poudre de tungstène nu comme précurseur. Les NPs synthétisées ont 

été encore organo-fonctionnalisées par le bromure de cétyltriméthylammonium (CTAB) afin 

d'ajuster l’état de leur surface et d'améliorer leur compatibilité avec l'oxydation biphasique des 

huiles végétales avec H2O2. Simplement, différentes structures d'oxyde de tungstène ont été 

observées, ceux-ci ont été caractérisées par XRD, FTIR, TGA, TEM, N2 isothermes d'adsorption / 

désorption, et l'analyse du potentiel zêta. Tous les nanocatalyseurs synthétisés ont pu convertir 

complètement l'acide oléique, et le rendement le plus élevé de la production du diacide désiré (acide 

azélaïque), ~ 80%, a été atteint par l'optimisation de la quantité de CTA + sur la surface du 

nanocatalyseur, ce qui montrent une excellente activité par rapport aux divers travaux signalés. 

Grâce à l'organo-fonctionnalisation, ce catalyseur tolérant à l'eau ne présentait pas de lixiviation 

significative aussi bien qu’une récupération pratique et une réutilisation régulière sans diminution 

notable de l'activité, au moins jusqu'à quatre cycles. 
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Abstract 

A series of tungsten oxide nanoparticles (NPs) has been synthesized via a green and 

straightforward approach exploiting bare tungsten powder as precursor. The synthesized NPs were 

further organo-functionalized by cetyltrimethylammonium bromide (CTAB) in order to adjust their 

surface state and enhance their compatibility with biphasic oxidation of vegetable oils with H2O2. 

Simply, different structures of tungsten oxide were observed, which were characterized by XRD, 

FTIR, TGA, TEM, N2 adsorption/desorption isotherms, and zeta potential analysis. All the 

synthesized nanocatalysts could fully convert oleic acid, and the highest yield of production of the 

desired diacid (azelaic acid), ~80 %, was achieved by optimization of the CTA+ amount on the 

nanocatalyst’s surface, which show excellent activity compared to the reported heterogeneous 

works. Thanks to the organo-functionalization, this water-tolerant catalyst exhibited no significant 

leaching, as well as convenient recovery and steady reuse without a noticeable decrease in activity, 

at least up to four cycles. 
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5.1 Introduction 

Exploiting the synthetic capabilities of nature in oils and fats of vegetable and animal origin 

has rendered using these renewable raw materials one of the key aspects of sustainable chemistry. 

Oleic acid (C18:1), the most widely distributed and abundant unsaturated fatty acid (UFA) in 

natural oils and fats [338,29], can be oxidatively cleaved to produce azelaic (C9 diacid) and 

pelargonic (C9 monoacid) acids, which are rare in natural resources but very attractive materials, 

in particular the first one, for preparation of numerous products such as polymers (nylon 6:9), 

adhesives, biodegradable lubricants, corrosion inhibitors, anti-acneic agent for cosmetics, 

perfumes, and resins [2,4,1,5,3]. Currently, this reaction is carried out in industry via ozonolysis, 

which, nowadays, has been converted to a controversial challenge due to the hazardous problems 

associated with use of ozone. Employing an eco-friendlier oxidant requires an active catalyst to be 

employed, as well. 

Efforts in this context have focused on transition metals like Mo [3], Au [1], Mn, Cr [339], 

Co [339,54], Fe [56,55], Ru [60,59,87,58,57], and W [64,2,65,340,341,48,61,62,3], as catalytic 

core, in homogeneous and heterogeneous forms. These have been thoroughly reviewed in our 

recent review paper [91]. While the use of homogeneous catalysts has been well reported, 

curiously, heterogeneous ones have been scarcely investigated, probably due to the, often, much 

lower yields obtained with the latter. Hydrogen peroxide has been always an interesting benign 

oxidant for oxidation of olefins, especially when its use is associated with employing phase transfer 

agents via functionalization of catalyst surface to improve compatibility of the aqueous oxidant 

and organic substrate. Although this could generally increase the efficiency of oxidation of UFAs 

[64,2,65,341,62,3], the major drawback is that the used catalytic system is not fully recoverable. 

Among all the transition metals, tungsten has attracted a great deal of interest in oxidation 

of UFAs, mostly in W-based complex form and homogeneous catalysis [91,45,39]. Solid W-based 

catalysts, however, include a variety of chemical structures arising from the distinct inherent 

properties of tungsten; varying oxidation states from -2 to +6 [120,121] has led to several WOx (x 

mainly between 2 and 3). The most common is tungsten trioxide, which in turn, includes hydrated 

(WO3.nH2O) and anhydrous (WO3) forms. Moreover, peroxotungstic acid is another interesting 
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structure that has shown great catalytic potential, particularly in oxidation reactions [342-345]. 

Formation of these different phases are very sensitive to synthesis conditions [346-349], so, choice 

of a unique synthesis method that can produce all the phases is of importance. Oxidative dissolution 

of tungsten metal or tungstic acid in H2O2 was proposed by Kudo et al. to synthesize peroxotungstic 

acid [350-352], and then was modified to synthesize some other tungsten oxide structures [353-

355,349]. Recently, Ozin et al. developed this method to produce nanoparticles and thin films of 

tungsten oxide, as well as some other metal oxides [356]. 

In this work, different structures of tungsten oxide like [(WO2)O2.H2O], WO3, 

WO3.0.33H2O, and WO3.H2O were synthesized via oxidative dissolution of micrometer-scale bare 

W powder, and then, these materials were examined in the oxidative cleavage of oleic acid. In 

order to tune hydrophobicity/hydrophilicity properties of the surface and improve compatibility of 

the solid catalysts with the organic substrate and aqueous oxidant, the nanocatalysts were organo-

functionalized with different amounts of cetyltrimethylammonium bromide (CTAB), a well-known 

cationic surfactant. Employing a simple and green synthesis method, that exploits cheap W powder 

as a precursor, avoided using time- and energy-consuming operations such as thermal treatment in 

autoclave and purification, organic solvents, metal salts, and/or coordination compounds, which 

are commonly required in prior reported synthesis methods. 

5.2 Experimental 

5.2.1 Synthetic details and characterization 

Tungsten oxide NPs were prepared by simple dispersion of metallic tungsten powder (1.0 

g) (APS 1-5 μm, purity 99.9%, Alfa Aesar Co.) in deionized H2O (10 mL), followed by addition 

of H2O2 (10 mL, aqueous solution, 30 %, Fisher Scientific Co.) dropwise. The latter was done at 0 

°C by keeping the reaction vessel in an instant ice bath. The oxidative dissolution process is very 

exothermic, therefore must be done attentionally under a well-ventilated fume hood. After 4 h, an 

almost colorless (very slightly light yellow) and clear solution was formed (solution A). This 

solution was, then, allowed to precipitate through two different ways: (i) it was slowly evaporated 

at room temperature (RT) for 3 days (sample I), followed by calcination at 600 °C for 3 h (heating 

rate: 4 °C/min) under air to obtain sample II, or (ii) it was heated to 120 °C for 4 h in the absence 

of CTAB (sample III) and in the presence of CTAB (technical grade, Fisher Scientific Co.) with 
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molar CTAB/W ratios of 0.1, 0.25, and 0.5 added to the solution just before heating (samples IV, 

V and VI, respectively). Solid products were separated using a centrifuge at 8000 rpm, washed 

thoroughly with water and ethanol, and dried at 60 °C overnight (16 h). The used 1 g W gave ~ 

1.1-1.6 g products. The synthesized samples were characterized by XRD, FTIR, TGA and DTA, 

TEM, zeta potential analyzer, and BET surface area measurement. Section 5.5.1 in Supporting 

Information explains characterization equipment and methodologies. 

5.2.2 Catalytic test 

The reactions were carried out in a 50-mL, round-bottom flask under a batch-wise constant 

temperature and constant pressure mode. This reactor was equipped with a condenser, a magnetic 

stirrer, and an oil bath. Typically, the reaction feed included 1 g oleic acid (≥ 99%, Sigma-Aldrich 

Co.), 4 mL H2O2, 7.5 mL tert-butanol (≥ 99.0%, Sigma-Aldrich Co.) as solvent. After adding 0.45 

g catalyst, the flask was put in the oil bath which was previously heated and maintained at constant 

temperature of 120 °C. During reaction, the reactor was continuously agitated with magnetic stirrer 

(agitation rate ~ 400 rpm). After 5 h reaction, the catalyst was separated using centrifuge at 8000 

rpm and recovered via washing with ethanol and water several times and drying at 60 °C overnight 

to be used in the next catalytic cycle. The products mixture, then, underwent a derivatization 

reaction, in which the expectedly produced azelaic and pelargonic acids, and possibly unreacted 

oleic acid were converted to their corresponding methyl esters according to Metcalfe et al. 

derivatization procedure [334,335], in order to be prepared for GC-MS analysis. 

Analysis of the reaction products by GC-MS has been explained in section 5.5.2 of the 

Supporting Information, covering detailed information about sample preparation prior to injection 

(section 5.5.2.1), quantitative analysis (section 5.5.2.2), and GC-MS specifications (section 5.5.2.3).  

5.3 Results and discussions 

5.3.1 Catalysts synthesis and characterization 

Simply taking W powder, adding H2O2, and then by just altering the temperature of thermal 

treatment and/or adding a surfactant, different catalytically interesting structures of tungsten oxide 
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were achieved. Table 5.1 summarizes the synthesis conditions and prepared samples and shows 

their obtained crystalline phases and chemical structures. 

Table 5.1. Synthesis conditions and prepared samples. 

  Synthesis 1   

Sample 
CTAB/W 

molar ratio 
T (°C) t (h) 

Crystalline 

phase 
Chemical structure 

I - RT 2 72 Monoclinic  (WO2)O2.H2O 

II 3 - 600 3 Monoclinic  WO3 

III - 120 4 Orthorhombic  WO3.0.33H2O & WO3.H2O 

IV 0.1 120 4 Orthorhombic  WO3.0.33H2O >> WO3.H2O 

V 0.25 120 4 Orthorhombic  WO3.0.33H2O >>> WO3.H2O 

VI 0.5 120 4 Orthorhombic  WO3.0.33H2O 

1. Synthesis conditions: initial amounts of W elemental powder (1 g), H2O (10 ml), H2O2 (10 ml), CTAB (0.20, 0.50, 

and 0.99 g for samples IV, V, and VI, respectively). 

2. RT: room temperature 

3. Sample II:  Sample I followed by calcination at 600 °C for 3 h. 

5.3.1.1 Crystalline structural features 

Fundamentally, oxidative dissolution of W powder in H2O2 gives an almost colorless and 

strongly acidic solution containing amorphous peroxotungstic acid particles, for which, the 

empirical formula of WO3.xH2O2.yH2O (0.05 ≤ x ≤ 1 and 3 ≤ y ≤ 4) has been suggested in literature 

[357,355]. This solution, denoted as A, then underwent different crystallization approaches to 

achieve the catalytically desired structures of tungsten oxide. XRD patterns of the synthesized 

samples are shown in Figure 5.1. While rapid evaporation of solution A, expectedly, gave 

amorphous tungsten oxide, interesting structure of peroxotungstic acid or hydrated tungsten 

peroxide [(WO2)O2.H2O], which contains active oxidizing agent of tungsten-peroxo, was obtained 

by slowly evaporation of the solution at RT for 3 days (Sample I). Its well-defined peaks (Figure 

5.1 a) could be precisely and purely indexed on monoclinic structure, the most stable phase of 

tungsten oxides at RT [358], in accordance with PDF no. 50-0233 of ICDD library of spectra. 

Pecquenard et al. [355], who are the pioneers in structural investigations of hydrated tungsten 

peroxide, reported that [(WO2)O2.H2O] can be obtained only after heating at 120 °C, while at RT 

a more hydrated phase [(WO2)O2.H2O].nH2O is formed. Our synthesis method, however, made the 
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formation of [(WO2)O2.H2O] at RT in 3 days possible. Anhydrous WO3, another catalytically 

interesting structure, was obtained by decomposition and annealing of tungsten peroxide (sample 

I) [359,360] via calcination at 600 °C (sample II, Figure 5.1 b). Presence of {200}, {002}, and 

{020} reflections confirm that the obtained yellow powder was mainly composed of monoclinic 

WO3 (PDF no. 83-0950). 

 

Figure 5.1. XRD patterns of (a) sample I, (b) sample II, (c) sample III, (d) sample IV, (e) sample V, and (f) sample 

VI. (ᴏ) (WO2)O2.H2O (PDF no. 50-0233), (+) WO3 (PDF no. 83-0950), (●) WO3.0.33H2O (PDF no. 35-0270), and 

(◊) WO3.H2O (PDF no. 43-0679). 
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Given the importance of associated water molecules of WO3 [122], hydrated tungsten 

oxides were also synthesized (samples III-VI) via execution of higher thermal treatment (at 120 

°C) on solution A, instead of the slow evaporation at RT, which resulted in much shorter 

crystallization time, as well as, changing the crystalline structure from monoclinic to orthorhombic 

(in comparison with samples I and II). Heating leads to quick decomposition of the water-soluble 

amorphous particles of solution A and production of insoluble solids with crystalline structures. 

XRD pattern of sample III (Figure 5.1 c) shows that it is composed of WO3.0.33H2O (PDF no. 35-

0270) and WO3.H2O (tungstite) (PDF no. 43-0679). The high intensity of the peaks at 2θ = 28.3, 

23.1, 36.8, and 18.1 degree demonstrates domination of the less hydrated phase, however, the main 

reflections of tungstite at 2θ = 25.7 ({111}) and 2θ = 16.5 ({020}) are also observed with less 

intensity. Both phases possess orthorhombic crystalline structure. 

Adding CTAB to the synthesis mixture reinforced the dominance of WO3.0.33H2O, 

evidence for which is the gradual diminishing of the intensities of two mentioned peaks of tungstite, 

in samples IV, V, and VI (Figure 5.1 d, e, and f), insofar as 100% pure WO3.0.33H2O (PDF no. 

35-0270) was obtained in sample VI (CTAB/W = 0.25) (Figure 5.1 f). This phase of tungsten oxide 

has been emphasized as very sensitive to the synthesis conditions [349,361]. The reported synthesis 

methods in the literature are considerably more complicated and time-consuming than the 

presented method. In fact, a role of structure directing agent (SDA) can be well considered for 

CTA+ cations in this synthesis method that directed the crystals to form pure orthorhombic 

WO3.0.33H2O structure in sample VI. 

5.3.1.2 Spectral analysis 

FTIR analysis was employed to learn more about the composition of the organic part of the 

samples as well as different available tungsten bonds in crystalline structures of the samples. FTIR 

spectra of the samples are shown in Figure 5.2 and assignments of the considerable absorption 

bands are listed in Table 5.3 (Supporting Information). 
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Figure 5.2. FTIR spectra of (a) sample I, (b) sample II, (c) sample III, (d) sample IV, (e) sample V, and (f) sample 

VI. 

All the samples exhibit a strong peak located at 641-672 cm-1 which is assigned to stretching 

vibration of bridging oxygen atom between two tungsten atoms ν(W‒O‒W) [362,122,363,364]. 

Generally, spectra of all the synthesized crystalline powders are very similar in the low-frequency 

region, except for sample I that shows two more peaks at 548 and 919 cm-1. These peaks, which 

are respectively assigned to tungsten‒peroxo (W(O)2) and peroxo (O‒O) groups, are typical 

vibration bands of peroxotungstic acid [363]. The peak located at 950-1004 cm-1, which is sharp in 

sample I and poorly resolved in other hydrated tungsten oxides (samples III-VI), is ascribed to the 

stretching mode of the terminal W=O double bond [365,122,363,366]. 

Obviously, the peak(s) between 600 and 900 cm-1 is wider in the presence of CTA+ cations 

(from sample IV to VI). The reason is the emergence of some peaks corresponding to RN(CH3)3
+ 

at 910-970 cm-1 [367] and merging with the previous peaks. The spectra of CTAB-assisted 

synthesized samples (samples IV-VI) exhibit some additional peaks in the higher frequency region, 
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where the vibration of organic compounds, as well as water molecules, are expected to appear. 

According to the literature, the peak at 1467 cm-1 can be attributed to RN(CH3)3
+ and the peaks at 

2850 and 2927 cm-1 can be assigned to stretching vibrations of methyl (‒CH3) and/or methylene (‒

(CH2)‒) groups [367]. These peaks, although weak in sample IV, their intensities increase with 

increasing CTAB content in the synthetic mixture for samples V and VI. The hydrated crystalline 

structures (samples I and III-VI) demonstrate a peak at 1606-1622 cm-1 and a peak at 3421-3491 

cm-1, which come from, respectively, bending and stretching vibrations of H2O molecules 

[362,122,363]. 

5.3.1.3 Thermal analysis 

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) curves of the 

synthesized samples are illustrated in Figure 5.3. Expectedly, anhydrous WO3 (sample II) showed 

no essential weight loss during the thermal analysis up to 800 °C, and therefore, its curve is not 

included in Figure 5.3. 

Initially, thermal analysis of sample III composed of only water and WO3 (Figure 5.3 b) 

indicates that the water molecules were expelled from the tungsten oxide structure at temperatures 

less than about 300 °C. Above this temperature, the sample’s weight, belonging to WO3 portion, 

remained constant. Gradual expulsion of water that happened over a relatively wide temperature 

range (25 ˂  T ˂  300 °C) comes from two main groups of the departed water molecules; (i) adsorbed 

and weakly bonded molecules that are normally released at T ˂ 200 °C, and (ii) HO and HO-O 

groups and strongly bonded molecules which due to the inherent tendency of tungsten oxide to 

keep the water of hydration even at high temperatures, release at 200 ˂ T ˂ 300 °C as the reaction 

products of W-OH and W-OOH condensation [353,354]: 

2[−𝑊 − 𝑂𝐻] + 2[−𝑊 − 𝑂𝑂𝐻] → 2[𝑊 − 𝑂 −𝑊] + 2𝐻2𝑂 + 𝑂2             (5.1) 

Presence of abundant peroxide groups in sample I changed the behavior of departure of 

water molecules (Figure 5.3 a); its first weight loss at about 110 °C, similarly, comes from the 

departure of weakly bonded water molecules, however, more strongly bonded molecules departed 

the structure along with the peroxide group at about 220 °C, which resulted in more abrupt 

departure and greater weight loss compared to the other samples. 
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Figure 5.3. (a-e): TGA and DTA curves of (a) sample I, (b) sample III, (c) sample IV, (d) sample V, and (e) sample 

VI. (f): all the TGA curves. 

In the high temperature region (T > 300 °C), an additional weight loss is obtained only for 

the CTA+ containing samples (Figure 5.3 c-e). This weight loss, which increases with CTA+ content 

in the synthesis mixture, corresponds to oxidation and consequent removal of CTA+ molecules that 

capped the surfaces of tungsten oxides. Quantitatively, 1.7, 8.7, and 10.0% weight losses (in 300 ˂ 

T ˂ 500 °C) were obtained for samples IV, V, and VI, in which CTAB/W molar ratios of 0.1, 0.25, 

and 0.5 had been used in the synthetic solution, respectively. Differential thermal analysis indicated 
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that removal of CTA+ took place at two main sub-temperature range: (i) 300 ˂ T ˂ 350 °C and (ii) 

440 ˂ T ˂ 470 °C. 

Figure 5.3 f compares TGA curves of all the samples together. As can be seen, at all 

temperatures lower than 300 °C the curves of CTA+-capped samples (samples IV-VI) stay on top 

of that of sample III. This confirms lower water contents in the structures of samples IV-VI, 

concurring with the result of XRD. 

5.3.1.4 Other aspects of the synthesized samples 

High concentration of charged species and functional groups (and their probable ionization) 

in the synthesis medium [356], as well as not using autoclave in the employed pseudo-hydrothermal 

synthesis method could mainly affect the morphologies and surface areas of the resultant solids. 

Figures 5.4 and 5.5 display representative TEM images of the samples. NPs of 

(WO2)O2.H2O (sample I, Figure 5.4 a and b) tend to form into irregular-shaped substructure due to 

the high concentration of peroxo groups on their surface. Firstly, the presence of many hydrogen 

ions in the precursor solution has been reported that increases the aggregation of tungsten oxide 

NPs [368]. Moreover, control of morphology to form a stable coordinated structure in the presence 

of H2O2 could be difficult due to the chelating feature of peroxo ligands [O2]
2- [349]. It makes more 

sense given the fact that no autoclave was used for hydrothermal treatment. Indeed, this chelating 

property of [O2]
2- ligands has been well-thought-out as the fountainhead of H2O2 role in the 

synthesis [349], which led to complete dissolution of WO3 in hydrogen peroxide and formation of 

transparent tungsten peroxide solution, while WO3 is not soluble in water. 
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Figure 5.4. TEM images of (a) and (b) sample I (with different magnifications), (c) sample II, and (d) sample III. 

 

Figure 5.5. TEM images of (a) sample IV, (b) sample V, and (c) sample VI. 

Calcining at 600 °C and removal of hydrogen peroxide, monoclinic WO3 NPs with platelet-

like morphology with an average size of ≈ 40 nm were obtained (sample II, Figure 5.4 c). Thermal 
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treatment at higher temperature had little influence on the overall morphology of the product; as 

shown in Figure 5.4 d, the typical structure of sample III is a mixed morphology of nanoplatelet 

and nanorod, most likely due to the coexistence of two crystalline phases WO3.0.33H2O and 

WO3.H2O, and the platelet structure is somehow similar to sample II. 

Adding CTAB to the synthesis medium, nanoneedle aggregates were formed (Figure 5.5), 

a typical morphology for WO3.0.33H2O that had been obtained before via more complicated and 

longer procedures [361,349]. Changing the amount of CTAB, however, did not have a significant 

effect on the morphology of the products. Only, it seems that at higher concentration of CTAB the 

particles showed slightly more tendency to aggregate. As consequence, the specific surface area 

decreased from 17 m2/g in sample III to about 4 m2/g in sample VI. Table 5.4 in Supporting 

Information lists the BET surface areas of the samples. Higher surface area of sample II (~29 m2/g) 

compared to the other samples highly likely arises from its calcination at a higher temperature, 

which removed all the surface functional groups, and therefore its NPs strongly avoid aggregation, 

as can be seen in its TEM image (Figure 5.4 c). 

Our efforts to organo-functionalize the tungsten oxides with anionic surfactants (e.g. acetic 

and valeric acids, instead of CTAB) failed (as TGA and FTIR analyses confirmed), because the 

anionic functional groups at the head of these surfactants were repelled by negatively charged 

surface of tungsten oxide. Evidence for this negative charge was obtained by measuring zeta 

potential of the NPs dispersed in solution A (without CTAB, pH 1.6-1.8, Figure 5.6). The available 

negatively charged species on the surface mainly consists of peroxo (O2
2-) and hydroxyl group 

(OH-) (see Figure 5.2 and well-resolved absorption band of peroxo at 919 cm-1. Presence of such 

band in Figure 5-2 c, although very weak, confirms that even after heating at 120 °C, there is still 

some O2
2- ligands on the surface, while W(O2) absorption band (548 cm-1) had been vanished). 
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Figure 5.6. Surface zeta potential distribution of tungsten oxide NPs dispersed in the synthesis solution without 

adding CTAB at pH 1.6-1.8. 

5.3.2 Catalytic test results 

Table 5.2 shows conversion of oleic acid and yields of production of azelaic and pelargonic 

acids (YAA and YPA, respectively) over different synthesized catalysts with H2O2 as oxidant after 5 

h reaction at 120 °C (bath temperature). The catalytic test results presented are the average of at 

least 3 runs over each catalyst. See Supporting Information for more details about the quantitative 

analysis (section 5.5.2.2). 

Table 5.2. Catalytic tests results (conversion of oleic acid and yields of production of desired products) and weight 

fractions of WO3 in the catalysts as the assumed active sites. 

E
n

tr
y
 Catalyst 

(tungsten 

oxide) 

Chemical structure 

WO3 weight 

fraction in the 

catalyst (%) 1 

Conversion 

(%) 2 

YAA 

(%) 3 

YPA 

(%) 3 

1  - - 41 2 4 

2 Commercial WO3 - 91 10 18 

3 Sample I (WO2)O2.H2O 84.9 100 71 67 

4 Sample II WO3 100.0 100 41 39 

5 Sample III WO3.0.33H2O & WO3.H2O 94.5 100 51 53 

6 Sample IV WO3.0.33H2O >> WO3.H2O 94.3 100 39 37 

7 Sample V WO3.0.33H2O >>> WO3.H2O 88.1 100 77 69 

8 Sample VI WO3.0.33H2O 86.5 100 60 64 

1. Weight fraction of WO3, assumed as active site (regardless of current vast challenges on nature of catalytic centers 

in metal oxide catalysis), was calculated from quantitative analysis of TGA data. 

2. Reaction conditions: time: 5 h, temperature: 120 °C (bath temperature), solvent: tert-butanol, initial amounts of oleic 

acid: 1 g, t-butanol: 7.5 ml, H2O2: 4 ml, catalyst: 0.45 g, agitation rate ~ 400 rpm. 

3. Y: Yield (molar), in this work, is defined as the amount of a product formed per total amount of oleic acid consumed 

(both in mole, YAA: yield of azelaic acid, YPA: yield of pelargonic acid). 

0

100000

200000

300000

400000

-100 -50 0 50 100

To
ta

l C
o

u
n

ts

Zeta Potential (mV)



127 

 

5.3.2.1 Influence of different catalysts on the reaction 

The first catalytic test was done without any catalyst (Table 5.2, entry 1); modest 41% 

conversion and tiny yields percentages (≤ 4%) confirmed that the benign used oxidant is not 

adequately efficient alone. To compare our catalysts activities with a standard condition, a 

commercial tungsten oxide (WO3, 99.8%, Alfa Aesar Co.) was employed as a catalyst, also (entry 

2), which although, significantly increased the conversion (~ 90%), the yields were still low (less 

than 20%). Compared to the commercial WO3, our prepared tungsten oxides showed much better 

efficiencies (entries 3-8). Complete conversion of initial oleic acid was obtained for all the samples 

after 5 h reaction time, with high yields particularly for sample I, V, and VI.  

The high catalytic efficiency of sample I (entry 3, 71 and 67% YAA and YPA, respectively) 

comes from the tungsten-peroxo (as seen by its XRD and FTIR) with a high concentration (as its 

TGA showed) in its structure [(WO2)O2.H2O]. Such peroxo complexes have been mentioned in the 

literature that shoulder responsibility of advancing UFAs oxidative cleavage reactions 

[64,65,341,3]. Except sample I, other samples were composed of tungsten trioxide, in anhydrous 

(sample II) or hydrated (samples III-VI) forms. Sample II in spite of advantages of higher WO3 

content (Table 5.2) and surface area (Table 5.4), as well as more uniform morphology and smaller 

particle size (Figure 5.4), yielded lower compared to sample III (entries 4 and 5). The reason could 

be well ascribed to important role of the linked water molecules of sample III (WO3.0.33H2O & 

WO3.H2O), which can increase in-situ production of instant tungsten-peroxo groups during the 

reaction. It has been shown that oxidation extent of tungsten trioxide in presence of H2O2 (to 

produce tungsten-peroxo) decreases with decreasing water content in its structure [122].  

Samples IV-VI, however, did not generally comply with this trend (entries 6-8). As 

discussed in section 5.3.1.1, adding CTAB favored formation of the less hydrated phase 

(WO3.0.33H2O), and accordingly, it was expected that oxidative capabilities of the samples and, 

consequently, their catalytic efficiencies decrease by adding CTAB. But, except sample IV, the 

two other CTA+-capped samples (V and VI) exhibited higher yields compared to sample III. The 

reason directly comes from the presence of CTA+ which tunes surface state of the tungsten oxide, 

and greatly affects its catalytic activity. Samples IV-VI, despite very slight structural differences 

in crystallinity (Figure 5.1), morphology (Figure 5.5), and WO3 content (Table 5.2), exhibited 

significantly different yields. The CTA+ molecules that capped the hydrophilic surface of 
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WO3.0.33H2O could make it partly hydrophobic, and hence, increased surface affinity to adsorb 

the organic substrate, oleic acid, molecules in the reaction medium. Admittedly, a higher 

concentration of oleic acid on the surface of the catalyst, where tungsten-peroxo species are 

accumulated, results in higher reactants collision and consequently increases the reaction efficiency 

(happened for samples V and VI). However, presence of long-chain CTA+ on the surface is a 

double-edged sword; apart from the positive effect of hydrophobization, it would lead to a steric 

repulsion effect which, considering molecular geometry of CTA+ and oleic acid, could prevent 

oleic acid to approach to the surface. The competition between these two positive and negative 

effects, which depends on the density of CTA+ on surface, gives rise to the different yields obtained 

by samples IV, V, and VI; it seems that low density of CTA+ in sample IV could not provide enough 

hydrophobicity, and the steric repulsion forces resulted in lower yields (entry 6), while at the higher 

density (sample VI), the provided hydrophobicity overcame the increase in steric repulsion effects 

resulting in higher yields (entry 8). The optimized density of CTA+ on surface, giving 77% YAA 

(entry 7), was obtained when CTAB/W molar ration of 0.25 was used in the synthesis (sample V). 

The obtained reaction efficiencies in this work seem interesting when being compared with the 

previously reported heterogeneous catalytic oxidative cleavage of oleic acid [339,340,48].  

Given the improved compatibility of the solid catalysts with reactants, resulting in 

deservedly ascribing a phase transfer role to the organo-functionalized tungsten oxides, further 

works are currently underway in our laboratory to reduce (or even eliminate) the reaction solvent. 

5.3.2.2 Effects of temperature and time on the reaction 

Sample V was subjected to investigate effect of reaction temperature and time. Employing 

a lower reaction temperature (bath temperature: 85 °C) resulted in slightly lower conversion (92%) 

and moderately lower YAA and YPA (49 and 47%, respectively). Since complete conversion of oleic 

acid was obtained at 120 °C, the temperatures higher than this, which would cause decomposition 

of hydrogen peroxide, were not tried. To study H2O2 loss during the reaction through catalytic or 

thermal decomposition, some catalytic tests without oleic acid were carried out, and then H2O2 loss 

was calculated by titrimetry. Results showed a 22% loss in absence of any catalyst and 30-70% in 

presence of the synthesized catalysts after 5 h reaction at 120 °C. 
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Employing shorter reaction times resulted in a significantly lower conversion. After 3 h 

reaction at 120 °C, over sample V, 58% of initial oleic acid was converted to azelaic and pelargonic 

acids with the yields of 62 and 59%, respectively. Longer reaction time (7.5 h) caused the yields 

to slightly reduce, most probably due to degradation of azelaic and pelargonic acids caused by 

prolonged heating in presence of catalyst [48]. Further works to optimize the reaction temperature 

and time for all the samples via kinetic studies are ongoing in our lab and will be presented in 

another article. 

5.3.2.3 Recyclability of the catalysts 

All the synthesized catalysts were recovered after the reactions and reused to examine their 

recyclability. Up to four cycles, they all showed more than 97% conversion without significant loss 

in the yields, except sample I which showed a considerable decrease in catalytic efficiency after 

the first cycle. Figure 5.7 compares the yields of production of azelaic acid in four cycles. Almost 

the same trend was obtained for YPA. 

FTIR analysis was performed on the catalysts after each cycle to probe any change in their 

chemical structures. Except sample I, other catalysts exhibited almost the same FTIR patterns to 

their original spectra (Supporting Information, Figures 5.16 to 5.21) confirming that they 

essentially keep their chemical natures during the reaction. This chemical stability is because the 

catalysts had been already exposed to a thermal treatment at high temperatures (600 °C for sample 

II and 120 °C for sample III to VI) during the synthesis procedure. Whereas the structure of sample 

I, which had been synthesized at RT, was dramatically changed after the first cycle. Evidence for 

this was found in its FTIR analysis, before and after the reaction (Figure 5.16), as well as XRD 

analysis (Figure 5.22), where disappearance of corresponding peaks of [(WO2)O2.H2O], and 

instead, emerging the characteristic peaks of WO3.0.33H2O (PDF no. 87-1203) imply 

decomposition of inter-crystalline tungsten-peroxo species during the reaction. This gives rise to 

the significant loss of catalytic efficiency of sample I after the first reaction cycle. 
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Figure 5.7. Recyclability of the synthesized catalysts; yields of production of azelaic acid over the synthesized 

catalysts in fourth cycles (reaction conditions: time: 5 h, temperature: 120 °C (bath temperature), solvent: tert-

butanol, initial amounts of oleic acid: 1 g, t-butanol: 7.5 ml, H2O2: 4 ml, catalyst: 0.45 g, agitation rate: ~ 400 rpm). 

In order to examine leaching of WO3 species and truly heterogeneity of the reaction, a 

catalytic test was performed over sample V, which had given the highest yields, and stopped after 

2.5 h of reaction. After cooling down and removal of catalyst, the reaction mixture was exposed to 

the reaction conditions for the remaining reaction time (2.5 h). In the second 2.5 h, conversion 

slightly increased (from 43% to 51%), as a result of oxidant ability in advancing the reaction alone 

(see entry 1 of Table 5.2), while changes in the yields were negligible. Moreover, for all the 

samples, weight loss of catalyst after each reaction cycle was exactly measured (Supporting 

Information, Table 5.5). Generally, the catalysts weight losses were less than ~ 2 %, with the 

minimum values, interestingly, obtained for the organo-functionalized catalysts (particularly 

samples V and VI), most likely because of hydrophobization effects making the CTA+-capped 

catalysts more water-tolerant with less leaching of inherently hydrophilic active sites (WO3). These 

results imply no significant leaching of active sites during the reaction. 
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5.4 Conclusions 

A straightforward and green synthetic procedure, simply starting from cheap micrometer-

scale W powder and adding H2O2, resulted in the formation of a clear solution of peroxotungstic 

species, which were then crystallized into different structures of tungsten oxide via altering 

temperature and/or adding CTAB. Given the potential of WOx as oxidizing catalyst, all the 

synthesized catalysts were adequately efficient to fully convert oleic acid after 5 h reaction with 

H2O2 as a benign oxidant. Intriguingly, adding CTAB to the synthesis mixture, not only played a 

structure-directing role influencing the final product crystalline phase, but also stably capped the 

surfaces of tungsten oxide NPs resulting in an improved compatibility of the solid catalyst with the 

organic substrate and aqueous oxidant, and consequently, enhancing production yield of the desired 

azelaic acid up to just less than 80%. This result seems advantageous when compared to the scarce 

works reported on heterogeneous catalytic oxidative cleavage of oleic acid. The organo-

functionalization by optimized amount of CTA+ could hydrophobically adjust the inherently 

hydrophilic surface of tungsten oxide giving more surface affinity to adsorb oleic acid in the 

reaction. This, together with the solid nature and insolubility of WOx, provided the CTA+-capped 

catalyst with additional advantages of no significant leaching of active sites, convenient recovery 

and steady reuse for up to four cycles without loss of activity. Hopefully, the application of this 

catalytic process could be extended to other UFAs available in vegetable oils, which would make 

diacids production more economical, commercially attractive, and environmentally friendly. 
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5.5 Supporting Information 

5.5.1 Characterization techniques 

Powder X-ray diffraction (XRD) patterns of the samples were obtained on a Bruker 

SMART APEXII X-ray diffractometer equipped with a Cu Kα radiation source (λ = 1.5418 Å). 

Fourier transform infrared (FTIR) absorption spectra were measured with an FTS 45 infrared 

spectrophotometer with the KBr pellet technique. Thermo-gravimetric analysis (TGA) and 

differential thermal analysis (DTA) were performed with a TGA Q500 V20.13 Build 39 

thermogravimetric analyzer from room temperature to 800 °C with a heating rate of 5 °C min–1 

under an air flow of 50 mL min–1. Transition electron microscopy (TEM) images were taken on a 

JEOL 6360 instrument at an accelerating voltage of 3 kV. Zeta potential was measured by means 

of a Zetasizer Nano 6 (Malvern Instruments Ltd) using a 4 mW He–Ne laser at 633 nm wavelength. 

The BET surface area was calculated by means of a Quantachrome Autosorb-1 system using N2 

adsorption-desorption isotherms at the temperature of liquid nitrogen and the data in the range of 

0.05–0.3 P/P0. 

5.5.2 Analysis of the reaction products 

Gas chromatography-mass spectrometry (GC-MS) analysis was used for the separation, 

identification, and quantification of the products after the reaction. 

Fundamentally, fatty acids in their free form are difficult and fallible to analyze with GC, 

because these highly polar compounds tend to form hydrogen bonds with the stationary phase in 

GC columns, leading to adsorption issues. Reducing their polarity make them more amenable for 

analysis. Converting fatty acids to fatty acid methyl esters is the most common method for 

preparation of fatty acids prior to GC analysis, because methyl esters offer excellent stability, and 

provide quick and quantitative samples for analysis. 

5.5.2.1 Sample preparation for GC-MS analysis 

After a typical oxidative cleavage reaction, the products mixture underwent a derivatization 

reaction, in which the expectedly produced azelaic and pelargonic acids, and possibly unreacted 
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oleic acid were esterified to dimethyl azelate, methyl pelargonate, and methyl oleate, respectively. 

The esterification, briefly, involved heating the fatty acids in presence of an acid catalyst, boron 

trifluoride, in methanol to give fatty acid methyl esters. First, BF3 protonates an oxygen atom of 

the carboxyl group making the acid much more reactive to nucleophiles, and then, methanol 

molecule combines with the protonated acid, to give the ester products. Scheme 5.1 shows 

derivatization mechanisms for oleic, azelaic, and pelargonic acids. 

 

Scheme 5.1. Esterification of oleic, azelaic, and pelargonic acids with methanol to methyl oleate, dimethyl azelate, 

and methyl pelargonate, respectively, over an acid catalyst, BF3. 

Typically, BF3-methanol (5 ml) (10% w/w, Sigma-Aldrich Co.) was, firstly, added to the 

fatty acids mixture, in which the total weight of fatty acids is less than 400 mg. Then, the mixture 

was heated to 80 °C for 15 min, followed by cooling down at room temperature for about 20 min. 

The ester products were extracted by adding 2 ml petroleum ether (Fisher Scientific Co.) and 2 ml 

water. After carefully removing the organic (upper) layer, the aqueous phase underwent the second 

extraction. Finally, the obtained organic phase was dehydrated by sodium sulfate (anhydrous, 

≥99%, Sigma-Aldrich Co.) and then the solvent was removed by passing a steady stream of dry 

air. After properly dilution, the obtained esterified mixture was ready for injection to GC-MS.   
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5.5.2.2 Quantitative analysis 

A typical derivatized sample, expectedly including dimethyl azelate, methyl pelargonate, 

and possibly methyl oleate, was injected to the GC-MS which had been previously calibrated by 

analytical standards of these methyl esters (all were purchased from Sigma-Aldrich Co.). A 

constant and exact amount of 1.0 μL was injected each time, and the injection was repeated at least 

four times for each sample to be averaged. 

Obtained chromatograms of products for the catalytic tests, which their results have been 

presented in Table 5.2, entries 1-8, are shown in Figures 5.8-5.15 (Supporting Information). Owing 

to the carefully chosen column type and operating conditions of GC (see section 5.5.2.3), the 

obtained peaks had excellent shape and sharpness, which lead to reliable results. Based on peak 

areas in these chromatograms and the calibration curves of the standard methyl esters (which 

showed excellent linearity), conversion and yields of the oxidative cleavage reaction, reported in 

Table 5.2, were calculated (yield, in this work, was defined as number of moles of a product formed 

per mole of oleic acid consumed). Reproducibility of the results in this Table have been verified 

by performing at least 3 runs over each catalyst. 

The properly adjusted temperature programming allowed separation of methyl pelargonate, 

dimethyl azelate, and methyl oleate with discrete retention times (Rt) of 10.4, 15.8, and 26.8 min, 

respectively. Some other peaks were also observed in the chromatograms, indicating presence of 

by-products, which were qualitatively analyzed by MS, as follows. Small and often negligible 

peaks in e.g. Rt= 6.8, 8.9, 11.2, and 16.7 min belonged to octanal, methyl esters of hexanoic and 

octanoic acids, and 9,10-dihydroxy octadecanoic acid, respectively, which were produced by 

impurities of the reactants and/or insignificant side reactions (e.g. hydroxylation). Two relatively 

more considerable peaks in Rt= 8.6 and 13.8 min belonged to nonanal and 9-oxononanoic acid, 

respectively, which were produced by partial-oxidation of oleic acid. Since after minute 30 no 

significant peak was obtained, the chromatograms in Figures 5.8-5.15 have been monitored up to 

Rt= 30 min. 

It should be noted that such by-products like 9-oxononanoic acid, which are the direct result 

of involvement of carboxylic group in the reaction, has made oxidative cleavage of unsaturated 
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fatty acids, compared to alkenes and cyclic olefins, more complicated and investigation of their 

reaction mechanism more difficult. It makes more sense given the fact that 9-oxononanoic acid is 

not commercially available (in known chemical provider companies), which makes calibration of 

chromatography systems by the analytical standard of this chemical, and consequently its 

quantitative analysis by these systems impossible. 

Further kinetic studies are underway in our laboratory to investigate the competition 

between partial and over-oxidation of oleic acid and propose a mechanism indicating how both 

oleic acid and hydrogen peroxide are activated by the synthesized catalysts.  

5.5.2.3 GC-MS specifications 

The GC-MS included a Hewlett-Packard HP 5890 series GC system and MSD Hewlett-

Packard model 5970. GC system was equipped with Zebron ZB-5MS capillary column (30 m × 

0.25 mm × 0.25 mm). Helium was used as a carrier gas with the flow rate of 30 mL/min. A split 

ratio of 20:1 was fixed. The front inlet temperature was 280 °C. The oven temperature program 

consisted of maintaining at 50 °C for 2 min, then a ramp rate of 10 °C/min to 160 °C following by 

a hold-up time of 1 min, and further increase with the rate of 5°C/min to 290 °C. Direct injection 

by a 5.0 µL syringe (SGE fixed needle, 23-26 gauge/42mm L/Cone Tip, Phenomenex Co.) was 

employed with 1.0 μL injection amount for each run. HP Chemstation software was used to analyze 

data. 
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Figure 5.8. Gas chromatogram of products of the catalytic test in absence of catalyst (entry 1, Table 5.2). 

 

 

 

Figure 5.9. Gas chromatogram of products of the catalytic test over commercial tungsten oxide (entry 2, Table 5.2). 
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Figure 5.10. Gas chromatogram of products of the catalytic test over sample I (entry 3, Table 5.2). 

 

 

 

Figure 5.11. Gas chromatogram of products of the catalytic test over sample II (entry 4, Table 5.2). 
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Figure 5.12. Gas chromatogram of products of the catalytic test over sample III (entry 5, Table 5.2). 

 

 

 

Figure 5.13. Gas chromatogram of products of the catalytic test over sample IV (entry 6, Table 5.2). 
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Figure 5.14. Gas chromatogram of products of the catalytic test over sample V (entry 7, Table 5.2). 

 

 

 

Figure 5.15. Gas chromatogram of products of the catalytic test over sample VI (entry 8, Table 5.2). 
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Figure 5.16. FTIR spectra of sample I: (a) before reaction, (b) after 1st cycle, (c) after 2nd cycle, (d) after 3rd cycle, 

and (e) after 4th cycle. 

 

Figure 5.17. FTIR spectra of sample II: (a) before reaction, (b) after 1st cycle, (c) after 2nd cycle, (d) after 3rd cycle, 

and (e) after 4th cycle. 
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Figure 5.18. FTIR spectra of sample III: (a) before reaction, (b) after 1st cycle, (c) after 2nd cycle, (d) after 3rd cycle, 

and (e) after 4th cycle. 

 

Figure 5.19. FTIR spectra of sample IV: (a) before reaction, (b) after 1st cycle, (c) after 2nd cycle, (d) after 3rd cycle, 

and (e) after 4th cycle. 
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Figure 5.20. FTIR spectra of sample V: (a) before reaction, (b) after 1st cycle, (c) after 2nd cycle, (d) after 3rd cycle, 

and (e) after 4th cycle. 

 

Figure 5.21. FTIR spectra of sample VI: (a) before reaction, (b) after 1st cycle, (c) after 2nd cycle, (d) after 3rd cycle, 

and (e) after 4th cycle. 
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Figure 5.22. XRD pattern of sample I after reaction; WO3.0.33H2O (PDF no. 87-1203). 
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Table 5.3. Assignments of the FTIR absorption bands of the prepared samples [369]. 

Sample 
Absorption 

bands (cm-1) 
Assignment 

I 

548 W (O2) 

649 ν (W-O) 

919 ν (O-O) 

981 ν (W=O) 

1622 δ (H-O-H) 

3421 ν (H-O-H) 

II 672 ν (W-O) 

III 

641 ν (W-O) 

1004 ν (W=O) 

1606 δ (H-O-H) 

3452 ν (H-O-H) 

IV 

649 ν (W-O) 

973 ν (W=O) 

1467 RN(CH3)3
+ 

1606 δ (H-O-H) 

2850, 2927 ν (CH3 and/or CH2) 

3491 ν (H-O-H) 

V 

641 ν (W-O) 

958 ν (W=O) 

1467 RN(CH3)3
+ 

1606 δ (H-O-H) 

2850, 2927 ν (CH3 and/or CH2) 

3491 ν (H-O-H) 

VI 

656 ν (W-O) 

950 ν (W=O) 

1467 RN(CH3)3
+ 

1606 δ (H-O-H) 

2850, 2927 ν (CH3 and/or CH2) 

3491 ν (H-O-H) 
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Table 5.4. BET surface areas of the synthesized samples. 

Sample 
CTAB/W 

molar ratio 
SBET (m2/g) 

I - 8.6 

II - 29.1 

III - 17.0 

IV 0.1 14.0 

V 0.25 7.8 

VI 0.5 4.3 

 

 

Table 5.5. Weight losses of the synthesized catalysts during the different cycles of the reaction. 

Reaction cycle Sample I Sample II Sample III Sample IV Sample V Sample VI 

1st 2.1 1.3 1.8 1.4 1 0.8 

2nd 2 1.7 1.6 1.4 1.2 0.9 

3rd 1.9 1.2 1.4 1.3 1.3 1 

4th 2 1.6 1.7 1.5 1.4 1 
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Résumé 

Quatre catalyseurs à base d'oxyde de tungstène (TO), (1) TO (sans aucun fragment 

organique, (2) TO-TMA, (3) TO-TPA, et (4) TO-TBA (TMA: tétraméthylammonium, TPA: 

tétrapropylammonium, et TBA: cations tétrabutylammonium) ont été directement préparés par une 

approche hydrothermale douce, basée sur la dissolution oxydative de la poudre de tungstène nue, 

suivie par l'encapsulation facile des cations tétraalkylammonium (NR4 
+).L'impact significatif des 

cations NR4 
+ sur la cristallisation des espèces peroxotungstes amorphes et métastables, formées 

lors de la synthèse, a été discuté par différentes techniques de caractérisation incluant XRD, FTIR, 

TGA et DTG, TEM, EDS, N2 isothermes d'adsorption / désorption, mesure de potentiel zêta , et 

l'analyse élémentaire. TO-TPA et TO-TBA étaient composés de deux nouveaux polyoxotungstates 

inorganiques-organiques hybrides, respectivement [(CH3CH2CH2)4N]2.75[H5.25W12O40]∙7.42H2O  

et [(CH3CH2CH2CH2)4N]3.31[H4.69W12O40]∙1.08H2O. La capacité des catalyseurs synthétisés dans 

l'oxydation avec H2O2 des acides gras insaturés a été examinée dans la réaction de l'acide oléique, 

l'acide gras insaturé le plus abondant. C'est le premier rapport sur l'utilisation de groupes de Keggin 

hétérogènes d'oxyde de tungstène dans le clivage oxydatif des acides gras insaturés. Les catalyseurs 

présentaient d'excellents rendements, en particulier TO-TPA et TO-TBA en raison de la forte et 

organo-protégée acidité de leurs structures de Keggin, qui résultait en une conversion complète de 

l'acide oléique et des rendements supérieurs de production des produits désirés. En dépit de leurs 

comportements pseudo-homogènes dans la réaction, les catalyseurs encapsulés dans le NR4 
+ ont 

démontré une récupération efficace et une réutilisabilité régulière sans décroissance significative 

de leurs activités jusqu'à au moins 4 cycles. 
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Abstract 

Four tungsten oxide (TO)-based catalysts, (1) TO (without any organic moiety, (2) TO-

TMA, (3) TO-TPA, and (4) TO-TBA (TMA: tetramethylammonium, TPA: tetrapropylammonium, 

and TBA: tetrabutylammonium cations) were straightforwardly prepared via a mild hydrothermal 

approach, based on oxidative dissolution of tungsten bare powder, followed by the facile 

encapsulation of the tetraalkylammonium cations (NR4
+). The significant impact of the NR4

+ 

cations on crystallization of the amorphous and metastable peroxotungstic species, formed during 

the synthesis, has been discussed through different characterization techniques including XRD, 

FTIR, TGA and DTG, TEM, EDS, N2 adsorption/desorption isotherms, zeta potential 

measurement, and elemental analysis. TO-TPA and TO-TBA were composed of two novel hybrid 

inorganic-organic polyoxotungstates, [(CH3CH2CH2)4N]2.75[H5.25W12O40]∙7.42H2O and 

[(CH3CH2CH2CH2)4N]3.31[H4.69W12O40]∙1.08H2O, respectively. The capability of the synthesized 

catalysts in oxidation of unsaturated fatty acids (UFAs) has been examined in the reaction of oleic 

acid, the most abundant UFA, with H2O2. This is the first report on employing heterogeneous 

Keggin clusters of tungsten oxide in oxidative cleavage of UFAs. The catalysts exhibited excellent 

efficiencies, particularly TO-TPA and TO-TBA owing to the strong and organo-protected acidity 

of their Keggin structures, which resulted in full conversion of oleic acid and superior yields of 

production of the desired products. In spite of their pseudo-homogeneous behaviors in the reaction, 

the NR4
+-encapsulated catalysts demonstrated efficient recovery and steady reusability without any 

significant decay in their activities up to at least 4 cycles. 
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6.1 Introduction 

Tungsten-based heteropoly compounds or their more descriptive synonym, 

polyoxotungstates (POTs), have attracted a great deal of attention, particularly in the last decade, 

stemming from potential reinforcement of uniquely interesting catalytic properties of 

polyoxometalates (e.g. strong acidity, redox capability, and readily tuning of these properties at 

molecular level) by the distinct inherent properties of tungsten in particular having very strong 

Brönsted acid sites [370,131]. However, POTs are inherently soluble in water and polar solvents 

which results in lack of recovery in the water-involving reactions. To tackle this obstacle, 

heterogenization of homogeneous POTs via different solidification and immobilization strategies 

are being rapidly developed [371,191]. Heterogenization by means of organo-functionalization has 

been enthusiastically explored, not only for heterogenization purpose, but also to provide an 

efficient versatility for the resultant hybrid organic-inorganic catalyst in liquid organic reactions, 

arising from the wide variety of organic groups and proper adjustment of the catalyst’s surface state 

[177,182,183,175,184,186]. 

Compared to the other solid acids, heterogeneous POTs have shown excellent water-

tolerant properties [131], which gives rise for their widely reported application in water-involving 

reactions such as hydrolysis, dehydration, esterification, as well as oxidation of olefins with H2O2, 

where a major problem in the use of solid acids is poisoning of acid sites by water resulting in 

gradual decay of activity. Curiously the use of POT-based heterogeneous catalysts in oxidation of 

unsaturated fatty acids (UFAs) has not been reported so far, to our knowledge. Generally, this class 

of oxidation reactions has been less documented in the literature compared to the oxidation of 

alkenes and cyclic olefins, most probably due to the complexity of involvement of the carboxylic 

group in the reaction and its effects on the mechanism and the produced intermediates [91,45,3]. 

On the other hand, this class is of great industrial importance; exploiting the nature’s capabilities, 

vegetable oils containing UFAs can be converted into valuable products, mono- and diacids, via 

oxidative cleavage reactions. The enormous abundance of oilseeds, which are nowadays extracted 

from a variety of plants under all sorts of climates in both northern and southern hemispheres, 

associated with nontoxicity, biodegradability, and having similar chemical structures to petroleum 

materials have rendered vegetable oils promising candidates to replace concerning petrochemical 

feedstock. That is why the recent 30 years have monitored a surprisingly considerable increase in 
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global extraction of oilseeds and rapid development of oleochemical industries [15]. Currently, 

oleic acid (C18:1), the most widely distributed and abundant UFA, is used in the industry to 

produce azelaic (C9 diacid) and pelargonic (C9 monoacid) acids via ozonolysis [91,372]. The 

hazardous problems associated with the use of ozone, however, have propelled the industry to 

employ an eco-friendlier oxidant, in accordance with sustainable chemistry, which requires an 

active catalyst to be employed, as well. 

In this work, a new type of hybrid organic-inorganic POTs was prepared and employed as 

heterogeneous catalyst in oxidative cleavage of oleic acid, for the first time. We have developed a 

novel, straightforward, and green synthesis method for preparation of the organo-modified Keggin 

clusters, complying with the principles of “Chimie Douce”, which exploits cheap bare W powder 

as precursor, by contrast to the prior methods which often used phosphotungstic or tungstic acid. 

Encapsulation of three different tetraalkylammoniums (NR4
+) including tetramethylammonium 

(TMA+), tetrapropylammonium (TPA+), and tetrabutylammonium (TBA+) into the structures of 

the products has been examined. This one-pot synthesis method avoided using time- and energy-

consuming operations such as thermal treatment in autoclave and purification, as well as organic 

solvents and tungstate complex compounds, which are commonly required in prior reported 

synthesis methods. 

6.2 Experimental 

6.2.1 Materials and synthesis 

The employed straightforward synthesis method for preparation of hybrid organic-

inorganic catalysts was started by dispersion of bare W powder (2.0 g; APS 1−5 μm, purity 99.9%, 

Alfa Aesar Co.) in deionized H2O (20 mL). Then, 25 mL of H2O2 (aqueous solution, 30%, Fisher 

Scientific Co.) were added dropwise while the reaction vessel was kept in an instant ice bath 

(WARNING: the oxidative dissolution process is very exothermic, therefore must be done 

attentively in ice bath under a well-ventilated fume hood). A slightly light yellow and clear 

solution, mainly containing soluble amorphous peroxotungstic acid particles (WO3.xH2O2.yH2O) 

[357,355], was formed after ~ 3 h. A determined amount of tetraalkylammonium bromides (TMA-
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Br (98%), TPA-Br (98%), or TBA-Br (≥ 98%), all from Sigma-Aldrich Co.) to give a fixed molar 

ratio of NR4
+ to tungsten in the synthesis solution (TMA/W, TPA/W, or TBA/W = 0.25) was, then, 

added to the solution. Consequently, the reaction vessel was connected to a chemical condenser, 

and thermally treated at 120 °C for 5 h under stirring. After this thermal treatment, the precipitated 

solid products were separated using a centrifuge at 8000 rpm, washed thoroughly with water and 

ethanol, and dried at 60 °C overnight (16 h). Four tungsten oxide (TO)-based catalysts, (1) TO 

(without using any organic moiety), (2) TO-TMA, (3) TO-TPA, and (4) TO-TBA were accordingly 

prepared. 

6.2.2 Characterization techniques 

Powder X-ray diffraction (XRD) patterns of the samples were obtained on a Bruker 

SMART APEXII X-ray diffractometer equipped with a Cu Kα radiation source (λ = 1.5418 Å). 

Fourier transform infrared (FTIR) absorption spectra were measured with an FTS 45 infrared 

spectrophotometer with the KBr pellet technique. Thermo-gravimetric analysis (TGA) was 

performed with a TGA Q500 V20.13 Build 39 thermogravimetric analyzer from room temperature 

to 800 °C with a heating rate of 5 °C min–1 under an air flow of 50 mL min–1. Transition electron 

microscopy (TEM) images were taken on a JEOL 6360 instrument at an accelerating voltage of 3 

kV. Zeta potential was measured by means of a Zetasizer Nano 6 (Malvern Instruments Ltd) using 

a 4 mW He–Ne laser at 633 nm wavelength. The BET surface area was calculated by means of a 

Quantachrome Autosorb-1 system using N2 adsorption-desorption isotherms at the temperature of 

liquid nitrogen and the data in the range of 0.05–0.3 P/P0. Elemental analysis (C/H/N/S) was 

performed using a EAS1108, Fisons instrument S.p.A., and the detection limit for the analyses was 

0.3% for C, H, and N. 

6.2.3 Catalytic test 

The reactions were carried out in a 50 mL, round-bottom flask under a batch-wise constant 

temperature and constant pressure mode. This reactor was equipped with a condenser, a magnetic 

stirrer, and an oil bath. Typically, the reaction feed included 1 g of oleic acid (≥ 99%, Sigma-

Aldrich Co.), 4 mL of H2O2, and 7.5 mL of tert-butanol (≥ 99.0%, Sigma-Aldrich Co.) as solvent. 

After adding 0.45 g of catalyst, the flask was put in the oil bath, which was previously heated and 

maintained at constant temperature of 120 °C. During reaction, the reactor was continuously 
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agitated with magnetic stirrer (agitation rate ≈ 400 rpm). After 5 h reaction, the catalyst was 

separated using centrifuge at 8000 rpm and recovered via washing with ethanol and water several 

times and drying at 60 °C overnight to be used in the next catalytic cycle. The products solution 

then underwent a derivatization process to be prepared for GC-MS injection. 

6.2.4 Analysis of the reaction products 

Gas chromatography-mass spectrometry (GC-MS) was used for separation and 

quantification of the reaction products. Fatty acids in their free forms are difficult to analyze with 

GC owing to their adsorption issues on stationary phase in GC columns. Therefore, the reaction 

products, containing expectedly the produced azelaic and pelargonic acids, and possibly the 

unreacted oleic acid, were esterified before GC-MS analysis via Metcalfe et al. derivatization 

procedure [334,335] using boron trifluoride solution in methanol as catalyst. Further details about 

the derivatization reaction, as well as quantitative analysis and GC-MS specifications are available 

in Supporting Information of the previous chapter (section 5.5). 

6.3 Results and discussion 

6.3.1 Catalysts characterization 

The four prepared samples including (1) TO (without using any organic moiety), (2) TO-

TMA, (3) TO-TPA, and (4) TO-TBA were characterized using different techniques. The XRD 

patterns of the prepared samples are shown in Figure 6.1. In the absence of any organic moiety in 

the synthesis solution, hydrated tungsten trioxide (WO3.nH2O) was formed (sample TO). Its XRD 

pattern (Figure 6.1 a) shows that it is composed of orthorhombic WO3.0.33H2O and WO3.H2O 

(tungstite) in accordance with PDF no. 35-0270 and 43-0679 of ICDD library of spectra, 

respectively. Adding NR4
+ to the synthesis solution generally caused a surprisingly large increase 

in crystallinity of the products (since the peaks in Figure 6.1 b−d were highly intense, we had to 

depict Figure 6.1 a with 2.5 times higher intensities than actual values to make the peaks 

observable). TO-TMA was a yellow powder composed of orthorhombic tungstite (PDF no. 43-

0679) and WO3.0.33H2O (PDF no. 87-1203) (Figure 6.1 b). Astonishingly high intensity of the 

peak at 2θ = 16.5, which belongs to {020} reflection of tungstite, affect the presence of other peaks. 
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It reveals a higher growth of crystals in the direction of {020} facet arising from the templating 

role of TMA+ cations. In addition to the WO3.nH2O phases, a less-intense peak at 2θ = 10.1 implies 

presence of a third crystalline phase. This peak could be well ascribed to the main peak of 

methylammonium tungsten oxide [MAxWO3+x/2.nH2O] (MA: methylammonium) phase, the crystal 

structure of which has been calculated and introduced by Zavalij et al. [364]. 

 

Figure 6.1. XRD patterns of (a) TO (intensities are magnified by 2.5), (b) TO-TMA, (c) TO-TPA, and (d) TO-TBA 

Additionally, to clarify the effect of TMA+ cation, XRD patterns of two more samples 

synthesized with different initial amount of TMA+ are compared with the pattern of TO-TMA in 

Figure 6.2 (TO-TMA1/2 and TO-TMA2 samples with half and twice of the TMA+ amount which 

was used for TO-TMA, respectively). Tiny amount of TMA+ in TO-TMA1/2 resulted in pure 

hydrated tungsten trioxide (WO3.0.33H2O, PDF no. 87-1203 and WO3.H2O, PDF no. 18-1418) 

(Figure 6.2 a). Increasing the amount of TMA+ in TO-TMA led to higher growth of crystals in the 

direction of {020} facet of tungstite on one hand (a templating role), and caused the third phase of 

[MAxWO3+x/2.nH2O] appears, on the other hand (Figure 6.2 b). Further increase in TMA+ amount 
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in TO-TMA2 made the intensity of the peak corresponding to methylammonium tungsten oxide 

(at 2θ = 10.1) considerably higher (Figure 6.2 c). Moreover, the sharp peaks of hydrated tungsten 

oxides available in TO-TMA1/2 and TO-TMA faded away in TO-TMA2, which is in good 

agreement with the obtained change in color of the samples from yellow powder (TO-TMA) to 

white powder (TO-TMA2). It can be concluded that the increase in the amount of TMA+ cations 

reduces their templating role (which was the reason of higher crystal growth in {020} facet in TO-

TMA), and instead TMA+ cations start to crystallize and make a kind of hybrid-like crystalline 

phase with tungsten oxide, MAxWO3+x/2.nH2O. Figure 6.2 c also demonstrates the presence of 

tetragonal tungsten oxide tetra methoxide WO(OCH3)4 (PDF no. 38-1899), albeit less 

inconspicuous compared to methylammonium tungsten oxide. 

 

Figure 6.2. XRD patterns of (a) TO-TMA1/2, (b) TO-TMA, and (c) TO-TMA2. 

Larger NR4
+ (TPA+ and TBA+), led to formation of more complicated hybrid structures. 

XRD analysis did not give enough information on these structures, since none of the PDF files of 

all tungsten compounds available in the database of ICDD library of spectra properly matches the 

intense peaks of TO-TPA and TO-TBA (Figure 6.1 c and d). The reason is the significant effects 

of TPA+ and TBA+ cations on crystallite structure of the final product and the fact that this work is 

the first report on preparation of hybrid NR4
+-POT via oxidative dissolution of tungsten powder. 



155 

 

Fundamentally, oxidative dissolution of W in H2O2 gives an almost colorless solution containing 

amorphous peroxotungstic acid particles, which need further thermal (or occasionally time) 

treatment to be crystallized [369]. In the synthesis of metastable transition metals oxides that have 

relatively open structures like tungsten oxide, the nature of cations present in the solution as 

surfactant or templating ion significantly affects the crystallization step and final crystalline phase 

[364], particularly when an organic cation is used which could result in hybrid organic-inorganic 

structure. The presence of surprisingly intense peaks at low angles (2θ ≤ 10) in the XRD patterns 

of TO-TPA and TO-TBA struck this idea in mind that a well crystallized kind of polyoxotungstate 

structure has been formed [364]. Further FTIR, TGA, and elemental analysis confirmed this idea. 

FTIR analysis was employed to learn more about the different available tungsten bonds in 

crystalline structures of the samples as well as composition of the organic moiety. Figure 6.3 shows 

infrared absorption spectra of the samples. A peak at 633−649 cm-1 is observed for all the samples, 

which belongs to stretching vibration of bridging oxygen atom between two tungsten atoms ν(W‒

O‒W) [369,362,122,364]. Another common peak in the low frequency region is located at 

973−1019 cm-1, which is sharp in TO-TMA, TO-TPA, and TO-TBA and poorly resolved in TO. 

This peak is well ascribed to the stretching mode of the terminal W=O double bond 

[369,365,122,363]. The peak at 587 cm-1 in TO-TPA and TO-TBA is attributed to W(O)2 in 

octahedral WO6 units of the Keggin structure of these samples [363,364]. The presence of more 

than on strong W−O stretching bands at wavenumber between 750 and 1000 cm-1, like what is 

observed in spectra of TO-TPA and TO-TBA, is characteristic of Keggin-type structure and 

therefore, suggests the formation of W12O40
8− ion [373,374,364]. Detailed assignments of 

absorption bonds of the FTIR spectra are listed in Table 6.2 (Supporting Information). 
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Figure 6.3. FTIR spectra of (a) TO, (b) TO-TMA, (c) TO-TPA, and (d) TO-TBA. 

The formation of Keggin clusters in TO-TPA and TO-TBA was also confirmed by thermo-

gravimetric analysis. Figure 6.4 shows TGA curves and the total weight losses of the prepared 

samples. Owing to the molecular weight of the associated organic moiety, the total weight loss 

amount decreased in the order of TO-TBA (23.06%) > TO-TPA (17.91%) > TO-TMA (8.26%) > 

TO (5.64%). The first weight loss, which happened gradually for TO (at T < 310 °C) and more 

sharply for the NR4
+-encapsulated samples (at T~200 °C), corresponds to the departure of (i) 

absorbed and/or (ii) bonded water. Absorbed and weakly bonded water normally release at T ˂ 200 

°C, however, due to the tendency of tungsten trioxide to keep the water of hydration even at high 

temperatures, chemisorbed and strongly bonded water release at 200 ˂ T ˂ 350 °C as the reaction 

products of W−OH condensation [354,369]. 

 

Figure 6.4. TGA curves of (a) TO, (b) TO-TMA, (c) TO-TPA, and (d) TO-TBA. 
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TO-TMA, TO-TPA, and TO-TBA exhibited a second weight loss at 330 ˂ T ˂ 430 °C, 

which arises from the oxidation and consequent removal of the organic moiety, and therefore, 

increases with the molecular weight of the encapsulated organic cation (4.23, 8.59, and 10.02% for 

TO-TMA, TO-TPA, and TO-TBA, respectively). In addition to the two aforementioned weight 

losses, a third weight loss was obtained in the TGA curves of TO-TPA and TO-TBA (Figure 6.4 c 

and d). Occurrence of this weight loss at higher temperatures, which is another characteristic of 

Keggin clusters, is due to the decomposition of the Keggin anion ([W12O40]
8-) into tungsten 

trioxide. Evidence for this decomposition reaction was found by performing XRD on TO-TBA 

after TGA (Figure 6.5), which confirms formation of pure orthorhombic WO3 phase (PDF no. 20-

1324). During this decomposition, the Keggin clusters lose all the acidic protons and completely 

deprotonate [375]. That is why, low thermal stability has always been the main drawback of the 

POTs. 

 

Figure 6.5. XRD pattern of TO-TBA after TGA (pure orthorhombic WO3, PDF no. 20-1324). 

Thermal behavior of the Keggin clusters was more deeply examined by differential 

thermogravimetry (Figure 6.6). The three weight losses of TO-TBA have been explicitly identified 

in Figure 6.6 a, along with the temperatures at which the maximum losses happened. The DTA 

curve (Figure 6.6 b) confirms that the first weight loss, belonging to the evaporation of 

chemisorbed/physisorbed water molecules, is endothermic. By contrast, the second and third 

weight losses are exothermic. Great sharpness of the second peak in the DTA curve is due to the 

considerable amount of energy released from the combustion of carbonaceous compounds of 

TBA+. The exothermicity of the last weight loss stems from the decomposition of the cage like 

structure of the heteropolyanion compound to yield a more compact crystalline product consisting 

of a more stable phase (oxides of W(VI)) [376,377,375,124,352]. Differential thermogravimetry 
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of TO-TPA showed the same trend. According to what was discussed above, thermolysis of the 

hybrid Keggin clusters of TO-TPA and TO-TBA occurred in three steps, as shown in Scheme 6.1. 

 

Figure 6.6. (a) TGA and DTG (dW/dT, where W is weight %) curves and (b) DTA (∆T= Ts−Tr where Ts is 

sample’s temperature and Tr is the reference’s temperature) curve of TO-TBA versus temperature. 

 

Scheme 6.1. Thermolysis of TO-TBA (the bulk proton sites in the Keggin structure are represented as di-

aquahydrogen ions, H5O2
+, each of which links four neighboring heteropolyanions by forming hydrogen bonds with 

the terminal W=O). 
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Furthermore, the second and the third weight losses of TO-TBA have been compared with 

those of an another sample prepared using twice more amount of TBA+ (denoted as TO-TBA2, in 

which the molar ratio of TBA+/W used in the synthesis was 0.5) in Figure 6.7. The interesting 

outcome of this comparison is that the third weight loss is independent of TBA+ content. Using 

higher amount of TBA+ in TO-TBA2 only increased the second weight loss (pertaining to removal 

of TBA+), while the third weight loss (pertaining to decomposition of Keggin structure) remained 

almost constant. Very slightly higher percentage of the third weight loss in TO-TBA, however, 

would arise from the slightly lower total molar mass of this sample (owing to the lower TBA+ 

content) compared to TO-TBA2. 

 

Figure 6.7. Comparison of the second and the third weight losses of TO-TBA with those of TO-TBA2. 

To understand the detailed morphological characteristics and particles sizes of the resultant 

products, the TEM technique was employed. Figure 6.8 displays representative transmission 

electron microscopy images of the samples. As can be seen, TO represents a mixed morphology of 

nanoplatelet and nanorod, most probably due to the coexistence of two hydrated WO3 phases 

(WO3.0.33H2O and WO3.H2O) as discussed earlier. The samples prepared with NR4
+ exhibited 

significant changes in morphology and particle size. The mixed crystalline phase of TO-TMA 

(hydrated tungsten oxides and [MAxWO3+x/2.nH2O]) resulted in a mixed morphology; (i) 

anisotropic rod-like microstructure with diameters between 300−600 nm and microscale lengths, 

and (ii) aggregated nanorods and nanoneedles are observed in Figure 6.8 b (see more TEM images 

of this sample, TO, TO-TMA1/2, and TO-TMA2 in the Supporting Information, Figure 6.10). The 

bigger crystal sizes of TO-TPA and TO-TBA (Figure 6.8 c and d) stem from their Keggin-like 

structures. Comparison of the cubic shape of crystals of TO-TPA and TO-TBA with lengthwise 
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shape of crystals of TO-TMA concur with the results of XRD, where comparatively higher growth 

of crystals in a specific direction was obtained for TO-TMA. 

 

Figure 6.8. TEM images of (a) TO, (b) TO-TMA, (c) TO-TPA, and (d) TO-TBA. 

Energy-dispersive X-ray spectroscopy (EDS) of the prepared hybrid inorganic-organic 

samples (Figure 6.11, Supporting Information) indicate that, except the expected elements (W, C, 

O, H, and N), there was no other element in the samples structures. Elemental analysis (C/H/N/S 

analysis) was employed to determine the ratio between Keggin clusters, incorporated organic 

cations, and associated water. Combining all the above information, the hybrid compounds of TO-

TPA and TO-TBA were best and precisely formulated as [(CH3CH2CH2)4N]2.75[H5.25W12O40]∙ 

7.42H2O and [(CH3CH2CH2 CH2)4N]3.31[H4.69W12O40]∙ 1.08H2O, respectively. The results of 

CHNS analysis are shown in Table 6.3 of the Supporting Information. 

6.3.2 Catalytic tests results 

Catalytic efficiency of the prepared catalysts in oxidative cleavage of UFAs were examined 

in 5 h reaction of oleic acid, the most abundant UFA, with H2O2 at 120 °C (bath temperature). 

About 180% excess hydrogen peroxide was used in the reaction to compensate the loss of oxidant 
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during the reaction via catalytic or thermal decomposition (titrimetry calculation showed 22 to 56% 

loss of H2O2, in absence and presence of the catalysts, during a reaction without oleic acid).  

During the reaction, the catalysts, except TO, exhibited a pseudo-homogeneous behavior 

stemming from their organic functionalization and consequent proper adjustment of their surfaces 

states. This behavior is schematically represented in Scheme 6.2, along with the reactor setup used. 

Before starting the reaction, the solid catalyst was clearly observable in the colorless reaction 

mixture containing oleic acid, H2O2, and tert-butanol. Upon heating to 120 °C, peroxo moieties on 

the catalyst were protonated to give surface peroxo groups. Consequently, a light yellow 

suspension was observed in the reaction mixture, as a result of formation of metal-peroxo 

complexes, −WO(O2), on surface of the catalyst. Observably, this suspension was stable during the 

reaction. Evidence for this stability was found by measurement of zeta potential, which intriguingly 

showed that the absolute potential, and consequently, stability of the suspension [378] increase 

with the length of organic cation encapsulated in the catalyst’s structure (TO-TBA > TO-TPA > 

TO-TMA, Figures 6.12−6.15). At the end of the reaction, when the majority of H2O2 has been 

consumed, a low concentration of peroxo groups on the surface and cooling down to room 

temperature resulted in precipitation of the catalyst particles. This enables self-separation and easy 

recovery of the catalyst. The increased hydrophobicity of the catalyst caused by encapsulation of 

NR4
+ and the bulky molecular geometry of these organic species prevent aggregation of the catalyst 

particles during the reaction. This gives rise to the excellent activities of the prepared NR4
+-

encapsulated catalysts despite their relatively non-porous structures (the BET surface areas of the 

prepared samples are listed in Table 6.4 of the Supporting Information). 
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Scheme 6.2. Schematic view of the reactor setup (left) and the pseudo-homogeneous behavior of TO-TMA, TO-

TPA, and TO-TBA catalysts during the reaction. 

Table 6.1 reports the conversion of oleic acid and yields of production of the desired 

products, azelaic and pelargonic acids, over the four prepared catalysts. The catalytic efficiencies 

presented in this Table are the average of at least 3 runs over each catalyst (details of the 

quantitative analysis are available in Supporting Information). Compared to TO and TO-TMA, 

Keggin clusters of TO-TPA and TO-TBA gave higher yields of azelaic and pelargonic acids. The 

reason most probably stems from the comparatively large number of protons in their structures 

(HnW12O40), and hence, their strong acidities, for which POTs generally have reputation. It is 

believed that [39,379-382] tungstenian catalysts direct the oxidative cleavage of olefins with H2O2 

through epoxidation, then hydrolysis to trans-diols and final re-oxidation to aldehydes, ketones or 

carboxylic acids. Extension of these steps for oleic acid oxidation is shown in Scheme 6.3 in four 

steps. It seems that all the catalysts were able to satisfactorily advance the reaction to the third step. 

Evidence of this is the full conversion of the initial oleic acid over all the catalysts (see Table 6.1) 

and the emergence of four major peaks in chromatograms of the reactions products, corresponding 

to (i) azelaic and (ii) pelargonic acids, (iii) nonanal, and (iv) 9-oxononanoic acid (see Scheme 6.3, 

as well as the chromatograms in Figures 6.16−6.19). Apparently, the differences in the efficiencies 

of the catalysts arise from their performances in the fourth step, which is hydroxylation of nonanal 

and 9-oxononanoic acid into pelargonic and azelaic acids, respectively. Admittedly, this acid 

catalysis reaction could be promoted by the stronger and more stable acidity of the Keggin clusters 

of TO-TPA and TO-TBA, resulting in higher amounts of azelaic and pelargonic acid produced by 
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these two catalysts. More detailedly, in the hydroxylation reaction an acid catalyst protonates the 

carbon of carbonyl group (of the aldehyde or ketone), and makes it highly reactive to accept oxygen 

from the oxidant, which was used in excess. These solid acids, TO-TPA and TO-TBA, are 

adequately water-tolerant, as a result of the organo-functionalization, to keep their acid sites during 

the multi-step oxidative cleavage reaction. Moreover, they do not possess the common 

disadvantages of the conventional acids (e.g. H2SO4 and AlCl3) such as high toxicity, catalyst 

waste, corrosion, difficulty of separation and recovery. 

Table 6.1. Catalytic tests results (conversion of oleic acid and yields of production of desired products). 

1. Reaction conditions: time: 5 h, temperature: 120 °C (bath temperature), solvent: tert-butanol, initial amounts 

of oleic acid: 1 g, t-butanol: 7.5 mL, H2O2: 4 mL, catalyst: 0.45 g, agitation rate ≈ 400 rpm. 
2. Y: Yield (molar), in this work, is defined as the amount of a product formed per total amount of oleic acid 

consumed (both in moles; YAA: yield of azelaic acid, YPA: yield of pelargonic acid). 

 

Scheme 6.3. Different steps of oxidative cleavage of oleic acid with H2O2 over the W-based catalysts. 

6.3.3 Recyclability of the catalysts 

All the prepared catalysts were recovered after the reactions to examine their stability and 

recyclability up to four cycles. Separation of the catalysts from the reaction mixture was 

Catalyst Chemical structure Conversion (%) 1 YAA (%) 2 YPA (%) 2 

No catalyst - 41 2 4 

TO WO3∙nH2O 100 49 50 

TO-TMA WO3∙nH2O and [MAxWO3+x/2∙nH2O] 100 62 61 

TO-TPA [(CH3CH2CH2)4N]2.75[H5.25W12O40]∙7.42H2O 100 72 69 

TO-TBA [(CH3CH2CH2 

CH2)4N]3.31[H4.69W12O40]∙1.08H2O 

100 79 78 
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conveniently performed by simple centrifugation. No significant loss of catalyst was obtained 

(Table 6.5 lists the exactly measured weight loss of the catalysts after each reaction cycle, which 

were generally less than 2.3%). Comparatively higher weight loss of TO would arise from the 

hydrophilic nature of this catalyst resulting in gradual leaching of the catalyst in the water-

involving reaction. 

The stability of the chemical structures of the catalysts was examined by performing FTIR 

analysis on the recovered catalysts after each cycle (Figure 6.20). All the samples demonstrated 

almost the same FTIR spectra to their original ones, which implies that they essentially kept their 

chemical nature during the reaction. Accordingly, no decay of catalytic activity was obtained, 

particularly for the NR4
+-encapsulated samples. TO-TMA, TO-TPA, and TO-TBA were able to 

fully convert the initial oleic acid even after four cycles, however the conversion obtained over TO 

slightly decreased to 96% at the fourth cycle. Similarly, a modest decrease was obtained in the 

yields of production of azelaic and pelargonic acids by TO in four cycles, while the yields obtained 

by the three other catalysts were almost constant. Figure 6.9 shows the yields of production of 

azelaic acid in the four cycles. The excellently steady reusability of the NR4
+-encapsulated catalysts 

most probably stems from their enhanced hydrophobicity and proper adjustment of the catalyst’s 

surface state resulting in prevention of poisoning of acid cites by water during the reaction, 

particularly for the Keggin clusters of TO-TPA and TO-TBA which are inherently a perfect water-

tolerant catalyst owing to their special crystalline structure [131]. 

 

Figure 6.9. Yields of production of azelaic acid over the prepared catalysts in four cycles (reaction conditions: time: 

5 h, temperature: 120 °C (bath temperature), solvent: tert-butanol, initial amounts of oleic acid: 1 g, t-butanol: 7.5 

mL, H2O2: 4 mL, catalyst: 0.45 g, agitation rate ≈ 400 rpm). 
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In order to verify that the reaction is truly catalyzed by solid catalyst (and not by dissolved 

or leached particles, given the obtained pseudo-homogeneous behavior, as discussed) and to 

examine the leaching of tungsten oxide species in the reaction solution, a catalytic test was 

performed over TO-TBA and was paused after 2.5 h of reaction, which showed 48% conversion 

and ≈ 30% yields of azelaic and pelargonic acids. After cooling down to room temperature, the 

catalyst was removed, and then, the reaction solution was exposed to the reaction conditions for 

the remaining reaction time (2.5 h). The conversion increased somewhat (to 59%) in the second 

2.5 h, due to the presence of oxidant which could advance the reaction lonely up to the intermediate 

steps (Scheme 3). The changes in the yields, however, were quite negligible, implying lack of any 

catalytically active species in the reaction medium. This confirms no significant leaching of 

catalyst. Further kinetic studies, optimization of the reaction conditions, and the reaction 

mechanism investigations are currently underway in our lab, and could be the subject of another 

work. 

 

6.4 Conclusion 

In summary, the hybrid organic-inorganic catalysts were simply and greenly prepared under 

mild hydrothermal conditions by adding hydrogen peroxide to bare tungsten powder and facile 

encapsulation of three NR4
+ cations with different chain lengths, TMA+, TPA+, and TBA+. Driving 

benefit from metastability of the tungsten oxide, that has relatively open structures, the amorphous 

peroxotungstic acid particles formed upon dissolution of W powder in H2O2 were directed to form 

the Keggin clusters in the presence of TPA+ and TBA+ cations, while in the absence of any organic 

moiety simple tungsten trioxide was obtained. The key impacts of the organic cation on the final 

product was investigated by different characterization techniques. The prepared catalysts were then 

employed in oxidative cleavage of oleic acid, the most abundant UFA, with H2O2. Thanks to the 

organo-functionalization, the hybrid catalysts exhibited a pseudo-homogeneous behavior resulting 

in formation of a stable suspension in the reaction. This, along with the strong and organo-protected 

acidity of the Keggin clusters of TO-TPA and TO-TBA, gives rise to superior catalytic efficiencies 

despite of the non-porous structures of these catalysts. Furthermore, the prepared solid acids 

exhibited the advantages of self-separation, ease of recovery, and steady reusability up to four 

reaction cycles. Given a pioneer application of Keggin-based heterogeneous catalysts in oxidation 
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of UFAs in this work, the wide variety of organic groups, and the rapid development of 

oleochemical industries, we hope that this study will encourage future works to enhance the 

versatility of the hybrid organic-inorganic POTs in several liquid-phase reactions of oils and fats. 

 

Acknowledgements 

This work was supported by the Natural Science and Engineering Research Council of 

Canada (NSERC) through the INNOV-UC and Discovery grants. The authors wish to thank the 

industrial partners (Oleotek and SiliCycle Inc.) for stimulating discussions and comments.  

  



167 

 

6.5 Supporting Information 

 

Figure 6.10. Additional TEM images of (a) TO, (b) TO-TMA1/2, (c) TO-TMA, and (d) TO-TMA2. 
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Figure 6.11. EDS spectra of (a) TO-TMA, (b) TO-TPA, and (c) TO-TBA (Au and Pd are from the instrument). 

 

Figure 6.12. Surface zeta potential of TO particles (pH 1.7−1.9). 
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Figure 6.13. Surface zeta potential of TO-TMA particles (pH 1.7−1.9). 

 

Figure 6.14. Surface zeta potential of TO-TPA particles (pH 1.7−1.9). 
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Figure 6.15. Surface zeta potential of TO-TBA particles (pH 1.7−1.9). 

 

 

Figure 6.16. Gas chromatogram of products of the catalytic test over TO catalyst. 



171 

 

 

 

Figure 6.17. Gas chromatogram of products of the catalytic test over TO-TMA catalyst. 

 

 

Figure 6.18. Gas chromatogram of products of the catalytic test over TO-TPA catalyst. 
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Figure 6.19. Gas chromatogram of products of the catalytic test over TO-TBA catalyst. 

 

Figure 6.20. FTIR spectra of the catalysts: (a) before reaction, (b) after 1st cycle, (c) after 2nd cycle, (d) after 3rd 

cycle, and (e) after 4th cycle. 
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Table 6.2. Assignments of the FTIR absorption bands of the prepared samples [383]. 

Absorption bands 

(cm-1) 
Assignment Remarks 

587 W (O2) Observed in TO-TPA and TO-TBA 

633−649 ν (W-O) Observed in all the samples 

811 ν (W-O) Observed in TO-TMA, TO-TPA, and TO-TBA 

880 ν (W-O) Observed in TO-TBA 

973−1019 ν (W=O) 
Observed sharply in TO-TMA, TO-TPA, and TO-TBA, and weakly in 

TO 

1382 CH2 Observed in TO-TPA and TO-TBA 

1475−1482 ν (CH3) Observed in TO-TMA, TO-TPA, and TO-TBA 

1606−1614 δ (H-O-H) Observed in all the samples 

2873−2981 ν (CH2) Observed in TO-TPA and TO-TBA 

3390-3483 ν (H-O-H) Observed in all the samples 

 

 

Table 6.3. Elemental analysis (C/H/N/S analysis) results for the prepared hybrid materials 1. 

Sample % Nitrogen % Carbon % Hydrogen % Sulphur 

TO-TMA 

1st analysis 0.76 2.75 1.14 0.00 

Duplicate 0.83 2.99 1.14 0.00 

Average 0.80 2.87 1.14 0.00 

TO-TPA 

1st analysis 1.08 11.49 2.62 0.00 

Duplicate 1.06 11.21 2.47 0.00 

Average 1.07 11.35 2.55 0.00 

TO-TBA 

1st analysis 1.21 17.46 3.43 0.00 

Duplicate 1.20 17.17 3.43 0.00 

Average 1.21 17.31 3.43 0.00 

1. The detection limits for the analyses are the following: 0.3 % for C, H, N and 1.0 % for S. The ratios between Keggin 

clusters [HnW12O40], incorporated organic cations (TPA+ or TBA+), and associated water molecules in compositions 

of TO-TPA and TO-TBA were calculated based on C% and H%. Accordingly, the stoichiometric formulas of these 

hybrid compounds were suggested. Then, the accuracy was validated by determining the amount of N% from the 

obtained formula. This gives 1.10 and 1.26% for TO-TPA and TO-TBA, respectively, which are in good agreement 

with those obtained from the elemental analysis (above Table, 1.07 and 1.21%, respectively). 
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Table 6.4. BET surface areas of the prepared samples. 

Sample TO TO-TMA TO-TPA TO-TBA 

SBET (m2/g) 16.8 13.3 ≤ 10 ≤ 10 

 

 

Table 6.5. Weight losses of the synthesized catalysts during the different cycles of the reaction. 

Reaction cycle TO TO-TMA TO-TPA TO-TBA 

1st 2.3 2.1 1.9 2 

2nd 2.1 1.7 2.1 1.8 

3rd 1.9 1.3 1.5 1.2 

4th 2.1 1.7 1.6 1.6 
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Résumé 

L'exploitation d'huiles végétales pour produire des diacides d'une valeur industrielle via un 

processus respectueux de l'environnement nécessite un catalyseur efficace et recyclable. Dans ce 

travail, un nouveau système catalytique à base de trioxyde de molybdène organo-modifié a été 

synthétisé par une méthode hydrothermale verte en une seule étape, en utilisant de la poudre de Mo 

comme précurseur, du peroxyde d'hydrogène et des tensioactifs amphiphiles. comme agents de 

coiffage. Les matériaux synthétisés ont d'abord été caractérisés par différentes techniques 

comprenant XRD, SEM, TGA et FTIR. De manière intéressante, diverses morphologies ont été 

obtenues en fonction de la nature des agents tensioactifs et des conditions synthétiques. Les 

catalyseurs synthétisés ont été utilisés dans le clivage oxydatif de l'acide oléique, l'acide gras 

insaturé le plus abondant, pour produire des acides azélaïques et pélargoniques avec un oxydant 

bénin, H2O2. D'excellentes activités catalytiques conduisant à une conversion complète de l'acide 

oléique initial ont été obtenues, notamment pour l'oxyde de molybdène coiffé de CTAB (rapport 

molaire CTAB / Mo de 1: 3) qui ont respectivement donné 83 et 68% de production d'acides 

azélaïque et pélargonique. Ce sont les rendements les plus élevés obtenus jusqu'à présent pour cette 

réaction par des catalyseurs hétérogènes. De plus, le catalyseur coiffé de CTAB peut être 

commodément séparé du mélange réactionnel par simple centrifugation et réutilisé sans perte 

significative d'activité jusqu'à au moins 4 cycles.  
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Abstract 

Exploiting vegetable oils to produce industrially valuable diacids via an eco-friendly 

process requires an efficient and recyclable catalyst. In this work, a novel catalytic system based 

on organo-modified molybdenum trioxide was synthesized by a green hydrothermal method in one 

simple step, using Mo powder as precursor, hydrogen peroxide, and amphiphilic surfactants 

cetyltrimethylammonium bromide (CTAB) and tetramethylammonium bromide (TMA) as capping 

agents. The synthesized materials were, first, characterized by different techniques including XRD, 

SEM, TGA, and FTIR. Interestingly, various morphologies were obtained depending on the nature 

of the surfactants and synthetic conditions. The synthesized catalysts were employed in oxidative 

cleavage of oleic acid, the most abundant unsaturated fatty acid, to produce azelaic and pelargonic 

acids with a benign oxidant, H2O2. Excellent catalytic activities resulting in full conversion of 

initial oleic acid were obtained, particularly for CTAB-capped molybdenum oxide (CTAB/Mo 

molar ratio of 1:3) that gave 83 and 68% yields of production of azelaic and pelargonic acids, 

respectively. These are the highest yields that have been obtained for this reaction on heterogeneous 

catalysts up to now. Moreover, the CTAB-capped catalyst could be conveniently separated from 

the reaction mixture by simple centrifugation and reused without significant loss of activity up to 

at least 4 cycles. 
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7.1 Introduction 

A Biomass-derived feedstock is one of the most promising candidates that would substitute 

the crude oil-based fuels and chemicals. The vast abundance and renewable nature of vegetable 

oils have attracted growing interest in both academic and industrial researches. Triglycerides are 

the main component of oleaginous feedstock, i.e. vegetable oils, the unsaturated fatty acids of 

which can be chemically modified, mainly through their double bonds, to be converted into value-

added chemicals. For instance, oleic acid, the most abundant monounsaturated fatty acid [338], can 

produce a di- and a mono-carboxylic acids, azelaic and pelargonic acids, through oxidative 

cleavage reaction. These are valuable materials for different industrial applications like production 

of polymers, plasticizers, adhesives, lubricants, cosmetics, herbicides, fungicides etc. [2,4,1,5,3]. 

Currently, the oxidative cleavage of oleic acid is performed in industry via ozonolysis. However, 

using ozone is not in line with the principles of sustainable chemistry due to its inevitable hazardous 

problems. Attempting to employ a benign oxidant, several catalyst/oxidant systems, in 

homogeneous and heterogeneous forms, have been reported in the literature for oxidative cleavage 

of unsaturated fatty acids, which have been thoroughly reviewed in our recent review paper [91].  

Homogeneous catalysts have generally shown excellent performances in oxidation of 

unsaturated fatty acids (e.g. production yield of azelaic acid up to 82% from oleic acid by peroxo 

complex, oxoperoxo (pyridine-2,6-dicarboxylato) molybdenum (VI) hydrate (Mo(O2)[C5H3N 

(CO2)2](H2O)) catalysts [3]), but such catalytic systems have been always associated with lack of 

catalyst recovery. On the other hand, activities of heterogeneous catalysts, with recovery ability, 

reported so far, are not as high as homogeneous ones [91,45]. Various strategies have been reported 

in the literature to improve the efficiency of the reaction, like reaction in supercritical fluids with 

dual oxidants and microwave irradiations and ultrasound-assisted reactions [339,384,58,57]. 

Works should be encouraged to find a suitable reaction strategy that enjoys both high activity and 

efficient recovery. Current efforts in this domain can be generally classified into two groups. The 

first group is involving different transition metal oxide catalysts, which are inherently solid, along 

with a benign oxidant such as hydrogen peroxide or sodium hypochlorite, and the second group is 

based on heterogenization of highly active homogeneous catalysts, like polyoxometallates, via 

immobilization or solidification methods [385,252,186,191]. In these two groups, direct or indirect 
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selective oxidative cleavage mechanisms have been proposed [386]. Nevertheless, an efficient 

heterogeneous catalytic system that can afford the excellent reaction yields obtained with the 

homogeneous catalysts has not been reported so far.  

In this work, we have tried to extend the proved potential of molybdenum oxide as an 

oxidizing solid catalyst [387-389] to oxidative cleavage reaction of unsaturated fatty acids. 

Curiously, employing MoO3 heterogeneous catalysts in oxidative cleavage of oleic acid has not 

been reported so far, to our knowledge. Herein, a series of molybdenum oxides were synthesized 

via simple oxidative dissolution of Mo powder in H2O2, with and without organic surfactants. Two 

well-known quaternary ammonium surfactants, cetyltrimethylammonium bromide (CTAB) and 

tetramethylammonium bromide (TMA) with different alkyl chain lengths were employed as 

capping agents. The effects of CTAB and TMA in different concentrations in the synthesis medium 

on physicochemical properties and morphology of the products, as well as enhancement of catalytic 

efficiency in the liquid phase oxidative cleavage of oleic acid by organo-modification of the surface 

of molybdenum oxide have been investigated.  

7.2 Experimental 

7.2.1 Synthetic details 

Surfactant-capped molybdenum oxide particles were synthesized by hydrothermal method 

using molybdenum powder (99.9%, Alfa Aesar), hydrogen peroxide (30%, Fischer Scientific) and 

surfactants; CTAB (98%, Fischer Scientific), and TMA (98%, Aldrich). In a typical synthesis, 1 g 

of metallic molybdenum powder was added to 10 ml of deionized water and the mixture was stirred 

for 30 minutes at room temperature. Then, the mixture was placed in an ice bath under a well-

ventilated fume hood. To this mixture, an aqueous solution of hydrogen peroxide was added 

dropwise under vigorous stirring until the color of the solution changed to yellow (attention: the 

reaction is very exothermic and must be done in an ice bath under skilled supervision). The 

determined amounts of surfactants (CTAB or TMA) to obtain surfactant/ molybdenum molar ratios 

of 1:2, 1:3, 1:4, were added to the yellow solution. The resultant slurry was refluxed at 100 0C for 

4 hours. Finally, the solid product was separated by centrifugation at high speed and dried in air at 

70 °C for 10 h. 
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7.2.2 Characterization equipment 

The physicochemical properties of the materials were characterized by X-ray diffraction 

(XRD), Scanning electron microscopy (SEM), Thermo-gravimetric analysis (TGA) and Fourier 

transform infra-red spectroscopy (FT-IR). Powder X-ray diffraction (XRD) patterns of the samples 

were obtained on a Bruker SMART APEXII X-ray diffractometer equipped with a Cu Kα radiation 

source (λ = 1.5418 Å) with steps of 0.020 and step time of 1 second. Scanning electron microscopy 

(SEM) images were taken on a JEOL 6360 instrument at an accelerating voltage of 3 kV. Materials 

were spread on a carbon tape prior to analysis. The FT-IR spectra were recorded on an FTS 45 

infrared spectrophotometer with the KBr pellet technique. Thermo-gravimetric analyses (TGA) 

were performed in the temperature range of 30 oC to 800 oC with a TGA Q500 V20.13 Build 39 

thermo-gravimetric analyzer at a heating rate of 5 °C min–1 under an air flow or argon flow of 50 

mL min–1. 

7.2.3 Catalytic test 

Catalytic reactions were carried out in a glass reactor equipped with an oil bath, magnetic 

stirrer, and reflux condenser. Typically, the reactor was charged with a suspension of 0.4 g catalyst 

and 4 ml aqueous H2O2. Then, 1 g oleic acid (≥ 99%, Sigma-Aldrich) was added dropwise under 

stirring followed by addition of 8 mL tert-butanol as solvent. The reaction mixture was heated to 

85 °C and kept at this temperature for a reaction time of 3 h 30 min. After the reaction, the solution 

was allowed to cool down to room temperature. During the reaction, the system showed 

homogeneous catalysis properties, while upon cooling down at the end of reaction, the catalyst 

particles were precipitated, enabling self-separation performance. The precipitated catalyst was 

separated using a centrifuge at 8000 rpm and recovered via washing with ethanol and water several 

times and drying at 70 °C for 4 h, in order to be used in the next catalytic cycle. The resultant 

solution then underwent a derivatization process prior to GC-MS analysis. 

7.2.4 Quantitative analysis of the product 

Gas chromatography-mass spectrometry (GC-MS) was used for separation and 

quantification of methyl esters of fatty acids. Since fatty acids in their free forms are difficult to 
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analyze with GC (due to their adsorption issues on stationary phase in GC columns), the reaction 

products were esterified before GC-MS analysis via Metcalfe et al. derivatization procedure 

[334,335] using boron trifluoride solution in methanol. Briefly, BF3-methanol (5 ml) (10% w/w, 

Sigma-Aldrich Co.) was added to the solution of products of the oxidation reaction. Then, the 

solution was heated to 80 °C for 15 min, followed by cooling down at room temperature for about 

20 min. The esterified products were extracted by adding 3 ml petroleum ether and 2 ml water. The 

extraction was repeated for the aqueous phase (lower layer) twice. After dehydration by sodium 

sulfate and removal of the solvent by passing a steady stream of dry air, the obtained organic phase 

was ready for injection to GC-MS. 

A typical derivatized sample including methyl esters of the involved fatty acids (expectedly 

dimethyl azelate, methyl pelargonate, and possibly methyl oleate) was injected to the GC-MS 

which had been previously calibrated by analytical standards of these methyl esters. The GC-MS 

system included a Hewlett-Packard HP 5890 series GC system and MSD Hewlett-Packard model 

5970. The GC system was equipped with Zebron ZB-5MS capillary column (30 m × 0.25 mm × 

0.25 mm). Helium was used as a carrier gas with the flow rate of 30 mL/min. A split ratio of 15:1 

was fixed. The front inlet temperature was 280 °C. The oven temperature program consisted of 

maintaining at 50 °C for 2 min, then a ramp rate of 10 °C/min to 160 °C followed by a hold-up 

time of 1 min, and further increase at the rate of 5°C/min to 290 °C. Direct injection was employed 

with 1 μL injection amount for each run, and the injection was repeated at least four times for each 

sample to be averaged. HP Chemstation software was used to analyze data. 

7.3 Results and discussion 

7.3.1 Characterization of the catalysts 

The crystalline structures of the synthesized samples were analyzed by X-ray diffraction. 

Figure 7.1 represents the X-ray diffraction patterns of the synthesized molybdenum oxides. The 

sharp peaks indicate the good crystallinity of the products, which were synthesized even without 

using autoclave and in a short time. XRD pattern of the sample prepared without using any 

surfactant, denoted as MO, (Figure 7.1a) confirmed that it was composed of MoO3-H2O, in 

accordance with PDF no. 26-1449 of ICDD library of spectra. The pattern exhibits 5 well-resolved 

peaks indexed (010), (100), (120), (020), (030) planes of triclinic molybdenum trioxide hydrate 
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material, and no peaks corresponding to other phases implies the single triclinic phase of this 

material. 

 

Figure 7.1. XRD patterns of the synthesized molybdenum oxides (a) MO (without surfactant) (b) MO-TMA1:2, and 

(c) MO-CTAB1:2. 
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The presence of surfactants CTAB and TMA in the synthesis medium dramatically 

influenced the crystalline phase of molybdenum oxide. Figures 7.1 b and c show XRD patterns of 

the samples prepared in the presence of these two surfactants with the surfactant/molybdenum 

molar ratio of 1:2 (denoted as MO-TMA1:2 and MO-CTAB1:2). The XRD pattern of MO-TMA 

(Figure 7.1b) indicates that the quaternary ammonium cation was incorporated into crystalline 

structure of the final product. TMA, also, affected the oxidation state of the formed molybdenum 

oxide. The peaks could be precisely indexed on monoclinic tetramethylammonium tetramolybdate, 

[N(CH3)4]Mo4O12 (PDF no. 50-1901), and ammonium octamolybdate tetrahydrate 

(NH4)6Mo8O27·4H2O (PDF no. 50-0607). The surfactant with longer organic chain, CTAB, 

directed the crystalline phase toward a multiphase structure. As seen in Figure 7.1c, it has much 

more peaks than the previous samples in 2θ less than 15°, which could be mainly ascribed to the 

crystalline phases of MoO3 (PDF no. 21-0569), ammonium molybdenum oxide hydrates 

(NH4)6Mo7O24·4H2O (PDF no. 11-0071) and (NH4)4(Mo8O24.8(O2)1.2(H2O)2)(H2O)4 (PDF no. 88-

1326), and tetramethylammonium tetramolybdate [N(CH3)4]Mo4O12 (PDF no. 50-1901). This 

multiphase is probably due to the cationic nature of CTAB during the synthesis reaction, which 

could be adsorbed by molybdenum oxide nuclei and afterward, it would detach at different times 

to form multiple phases.  

Figure 7.2 shows SEM images of the synthesized materials prepared with and without the 

surfactants. Apart from 1:2, two other molar ratios of surfactant/molybdenum (1:3 and 1:4) were 

used in the synthesis to investigate the effects of the surfactant amounts on final morphology. The 

prepared samples are denoted as MO-CTAB1:4, MO-CTAB1:3, MO-TMA1:4, and MO-TMA1:3. 

SEM image of MO, synthesized without surfactant, (Figure 7.2a) demonstrates one-dimensional 

nanorods with a few micrometers length. 
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Figure 7.2. SEM images of the synthesized molybdenum oxides: (a) MO (b) MO-CTAB1:4, (c) MO-CTAB1:3, (d) 

MO-CTAB1:2, (e) MO-TMA1:4, (f) MO-TMA1:3, and (g) MO-TMA1:2. 

Obviously, different sizes and morphologies were observed depending on the concentration 

as well as nature of the surfactant used (Figure 7.2 b-g). Lower amount of CTAB in MO-CTAB1:4 

(Figure 7.2 b) did not change the morphology significantly; similar nanorods were obtained. 

Increasing CTAB content in MO-CTAB1:3, however, a heterogeneous mixture of nanorods and 
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microplatelet-like morphology was obtained (Figure 7.2 c), which became homogeneous 

microplatelets in MO-CTAB1:2. The effect of high concentration of CTAB is in good agreement 

with previous works, where stacked micro size of MoO3 fibers and micro-ellipsoid structure of 

MoO3 were predominant [390,391]. 

Using TMA in the synthesis considerably increased size of the product particles, leading to 

a heterogeneous mixture of microrods, which turned to agglomerated rods when concentration of 

TMA increased (Figure 7.2 e-g). By contrast to CTAB, the size of these hybrids particles containing 

TMA did not change considerably by changing the amount of TMA. From these studies, it can be 

observed that morphology of the particles has been influenced significantly by the nature of the 

surfactants. 

Generally, the mechanism of MoO3 formation follows the anisotropic growing of MoO6 

octahedral crystal nuclei as basic building unit of MoO3 [392,393]. In absence of any surfactant in 

the synthesis medium, the growth along [010] direction is much more favored, and thus, results in 

formation of nanofiber, as shown in Figure 7.2 a. Although using a low amount of CTAB in MO-

CTAB1:4 did not significantly change the morphology (Figure 7.2 b), further increasing of CTAB 

in MO-CTAB1:3 and MO-CTAB1:2 led to formation of an emulsion, highly likely because 

concentration of CTAB reached the critical micelle concentration (CMC). The lipophilic groups of 

micelles tend to move inward and hydrophobic groups outward. The concentration of CTAB up to 

1:3 led to a stable spherical micelle and still generated thin fibers.  However, the further increase 

of CTAB concentration more than CMC increased the deformation of micelle [392]. It has been 

reported that at higher concentrations of CTAB, the shape of micelles changes from sphere to 

prolate ellipsoid, and then the preferred orientation growth of MoO3 is inhibited, resulting in the 

micro-ellipsoid structure [392]. The concentration of CTAB up to 1:3 led to both spherical and 

deformed micelles thus the material possesses both fibers and plates morphology in Figure 7.2 c. 

The highest concentration of CTAB generated homogeneous deformed micelles leading to only 

large plates in MO-CTAB1:2 (Figure 7.2 b). The use of TMA as a surfactant seems like it could 

not produce enough micelles and the concentration of TMA appears to have no effect on the size 

of particles. According to the literature, the Ostwald ripening mechanism [394] leads to the 

formation of hexagonal rods after growth, and TMA has not shown much effect and this was 

confirmed by XRD analysis (Figure 7.1 c). 
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FTIR analysis has been employed to identify the presence of surface functional groups on 

the catalyst. Figures 7.3 and 7.4 show the FTIR spectra of the samples prepared with CTAB and 

TMA, respectively. In both figures, FTIR spectra of the corresponding surfactant, as well as, MO 

sample (prepared without surfactant) have been also included to gain better interpretations. 

 

Figure 7.3. FTIR Spectra of the molybdenum oxides prepared with CTAB at various concentrations: (a) MO-

CTAB1:2, (b) MO-CTAB1:3, (c) MO-CTAB1:4, (d) MO, and (e) CTAB. 

 

Figure 7.4. FT-IR Spectra of the molybdenum oxides prepared with TMA at various concentrations: (a) MO-

TMA1:2, (b) MO-TMA1:3, (c) MO-TMA1:4, (d) MO, and (e) TMA. 

Figure 7.3 shows two bands at 2920 and 2850 cm-1 for the CTAB-containing samples 

(Figure 7.3 a-c), which are attributed to the characteristic peaks of symmetric and asymmetric C–
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H stretching vibrations of methylene groups of CTAB. Moreover, the characteristic peak of angular 

deformation vibrations of methylene group was also observed at 1475 cm-1 in these samples. These 

results were verified by the spectrum of pure CTAB (Figure 3e). 

As seen in Figure 7.4, asymmetric and symmetric deformation modes pertaining to 

(CH3)3N
+ of the head group of TMA appear at around 1490 and 1390 cm-1, according to the 

literature [390]. Pure TMA spectrum (Figure 7.4 e) shows the deformation vibrations of methyl 

groups at 1490 and 1397 cm-1 and all other samples containing TMA confirm these characteristic 

peaks (Figure 7.4 a-c). Detailed analysis of spectrum of MO sample (Figure 7.3 d or 7.4 d) reveals 

that the characteristic peak of stretching vibrations of Mo-O appears at 540 cm-1 [394,395,390], 

which was shifted to 563 and 556 cm-1 in the presence of CTAB and to 580 cm-1 in the presence of 

TMA (Figures 7.3 and 7.4). The stretching mode of Mo=O bands was located at 965 cm-1 and 934 

cm-1 [396,397], and no peak was observed around 995 cm-1 which is generally assigned to 

stretching vibrations of Mo–O–Mo. It is a characteristic of the orthorhombic phase of MoO3. 

The peaks observed at 1630 cm-1 and 3550 cm-1 were attributed to stretching and bending 

vibration of hydrogen bonded -OH groups, qualitatively confirming the presence of OH groups on 

the surface and water molecules adsorbed in the catalysts, which concur with the results of XRD 

analysis. Quantitative analysis of water contents of catalysts was performed by thermo-gravimetric 

analysis (TGA). 

Figure 7.5 and 7.6 show TGA curves of the samples synthesized with CTAB and TMA, 

respectively. TGA curve of MO (without surfactant) (Figure 7.5 d or 7.6 c), shows a primary weight 

loss (~12%) observed in the range of 70 to 200 °C, which corresponds to desorption of physically 

adsorbed water on MoO3-H2O. After 200 °C the weight of MO remained constant up to 700 °C, 

confirming the thermal stability of molybdenum oxide without any surfactant attached on its 

surface. Further heating after 700 °C led to a great weight loss not only for MO sample but also for 

the other samples, which is due to sublimation of molybdenum oxide that has been reported before 

[398]. 
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Figure 7.5. TGA curves of the molybdenum oxides prepared with different amounts of CTAB: (a) MO-CTAB1:2, 

(b) MO-CTAB1:3, (c) MO-CTAB1:4, and (d). MO. 

 

Figure 7.6. TGA curves of the molybdenum oxides prepared with different amounts of TMA: (a) MO-TMA1:2, (b) 

MO-TMA1:3, and (c) MO. 

TGA curves of the samples containing CTAB (Figure 7.5 a-c) generally show lower weight 

losses compared to MO in the low-temperature region of ˂ 200 °C, which was attributed to the 

hydrogen bonded water molecules present in the crystalline phase; this assumption was confirmed 

by FTIR. The second weight loss observed at the range of 200-300 °C could be ascribed to 

decomposition of nitrates and ammonia compounds obtained from the surfactant. In addition, a 

third weight loss was obtained in high-temperature region (300 ˂ T ˂ 500 °C), for which further 

differential thermal analysis (DTA) confirmed that it belongs to an exothermic interaction. This 

weight loss could be ascribed to removal or decomposition of CTA+ and elimination of bromide 

species during oxidation in air. The total amount of weight losses had a positive relationship with 

CTAB content in the samples; 50, 40, and 37 % weight losses were obtained for MO-CTAB1:2, 
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1:3, and 1:4, respectively. TGA curves of the samples with TMA (Figure 7.6) and their DTA 

analysis showed exothermic peaks between 300 and 450 °C corresponding to elimination of 

+N(CH3)4 group and bromide species. The weight losses during oxidation were between 16 and 

17% which are much lower compared to those of the CTAB-capped samples. It could be due to the 

small molar weight of TMA (210.16 g/mol) compared to that of CTAB (364.45 g/mol). 

7.3.2 Catalytic tests results  

Catalytic activities of the surfactant-capped molybdenum oxide catalysts in oxidative 

scission of oleic acid have been investigated in a glass reactor equipped with condenser, 

thermocouple, and magnetic stirrer. A reaction was conducted without oleic acid to determine H2O2 

loss via catalytic or thermal decomposition and the loss was determined by titrimetry. For 4 h 

reaction at 85 °C, the loss of the oxidant was 26 %. Therefore, excess amounts of H2O2 were used 

to complete the oxidation reactions (the molar ratio of H2O2/oleic acid used in the reaction was 

11.1, which shows about 180% excess amount of H2O2, based on the stoichiometric reaction, 

Equation 7.1). 

𝐻3𝐶(𝐶𝐻2)7𝐶𝐻 = 𝐶𝐻(𝐶𝐻2)7𝐶𝑂𝑂𝐻 + 4𝐻2𝑂2
𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→      𝐻3𝐶(𝐶𝐻2)7𝐶𝑂𝑂𝐻 +

𝐻𝑂𝑂𝐶(𝐶𝐻2)7𝐶𝑂𝑂𝐻 + 4𝐻2𝑂                                                      (7.1) 

The first step of the reaction involves protonation of peroxo moiety on the catalyst to give 

surface peroxo groups. A yellow suspension was observed in the reaction solution, due to the 

formation of metal-peroxo complexes, -MoO(O2) on surfaces of the surfactant-capped catalysts. 

Time-lapse observations of the reaction mixture, containing catalyst, oleic acid, hydrogen peroxide 

and tert-butanol, was recorded during the reactions over the catalysts to track changes that take 

place slowly over time (Figures S7.1 and S7.2, Supporting Information). Intriguingly, 

heterogeneity behavior of MO-CTAB1:3 catalyst was changed during the reaction; in the beginning 

of the reaction, the catalyst was a solid powder observable in the reaction mixture, which, upon 

heating to 85° C, turned into a homogeneous system. Afterwards, the reaction mixture remained as 

a clear solution until the end of the reaction. As soon as cooling down to room temperature, the 

catalyst started to precipitate (Figure S7.1), enabling self-separation and easy recovery of the 

catalyst. By contrast, all of the TMA containing catalysts kept their solid and heterogeneity natures 

during the reaction (Figure S7.2). This may be due to the structural differences between these two 
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surfactants; CTAB has a long hydrophobic chain of cetyl groups, which improves the hydrophobic-

hydrophobic interaction between the surface of molybdenum oxide and oleic acid molecules and 

traps these molecules in the reaction medium resulting in enhancement of contacts between the 

reactants and active sites on the catalyst. The high dispersion of MO-CTAB1:3 catalyst in the 

reaction mixture, which arose from the surface organo-modification, created conditions similar to 

homogeneous catalysis. Moreover, the high concentration of hydrogen peroxide during the reaction 

results in rapid formation of metal-peroxo complexes and reinforcement of the emulsion, while at 

the end of the reaction, when a majority of H2O2 has been consumed, the concentration of such 

complexes on the catalyst’s surface drops resulting in precipitation of the catalyst.  

Table 7.1 shows the conversion of oleic acid and yields of production of the desired 

products, azelaic and pelargonic acids, over different synthesized catalysts with H2O2 as oxidant 

after 3.5 h reaction at 85 °C. The catalytic test results presented are the average of at least 3 runs 

over each catalyst. The first catalytic test was done without any catalyst (Table 7.1, entry 1), that 

gives very low conversion (26%) and yields of azelaic and pelargonic acids (6.4 and 6.8%, 

respectively). Using the catalyst without surfactant, MO, significantly increased the conversion 

(97%) and yields of azelaic and pelargonic acids (60 and 50%, respectively) (entry 2). The 

overwhelming majority of the organo-modified catalysts resulted in better efficiencies (entries 3-

8). Ideally, oxidative cleavage of oleic acid should give similar yields of azelaic and pelargonic 

acids (1 mole of oleic acid into 1 mole of each product) based on the stoichiometric equation of the 

reaction (Equation 7.1). In practice, however, differences were obtained in the yields of these two 

products, which arise from non-ideality of the catalytic system, different decomposition rates of 

azelaic and pelargonic acids in the reaction medium, and presence of by-products. 

Table 7.1. Catalytic tests results (conversion of oleic acid and yields of production of desired products). 

Entry Catalyst 
Surfactant: Mo molar 

ratio 

Conversion 
1 (%) 

Yield 2 of azelaic 

acid (%) 

Yield 2 of pelargonic 

acid (%) 

1 Without catalyst - 26 6.4 6.8 

2 MO 0 97 60 50 

3 MO-CTAB1:4 1:4 100 78.2 61 

4 MO-CTAB1:3 1:3 100 83 68 
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5 MO-CTAB1:2  1:2 100 70 55 

6 MO-TMA 1:4 1:4 100 68 59 

7 MO-TMA 1:3 1:3 100 67.4 60 

8 MO-TMA 1:2 1:2 100 58 46 

1. Reaction conditions: time: 3.5 h, temperature: 85 °C (bath temperature), solvent: tert-butanol, initial amounts 

of oleic acid: 1 g, t-butanol: 8 ml, H2O2: 4 ml, catalyst: 0.4 g. 

2. Yield, in this work, is defined as the number of moles of a product formed per mole of oleic acid consumed 

 

Use of the surfactants as capping agent increased both yields of azelaic and pelargonic 

acids. The maximum yields were achieved with MO-CTAB1:3 catalyst (entry 4), which produced 

83 % azelaic and 68% pelargonic acids. Compared to the literature, these obtained yields are 

superior to what have been obtained by heterogeneous catalysts and are comparable with what 

homogeneous ones have shown. Table 7.2 lists the results of other works (all the heterogeneous 

catalysts reported so far, to the best of our knowledge, and some of the best homogeneous 

catalysts). The excellent catalytic activity of MO-CTAB1:3, as Table 7.2 implies, could be ascribed 

to the presence of multiple alkyl chains on the catalyst’s surface, which improves the interactions 

of oleic acid with peroxo-molybdenum complexes formed by the reaction of H2O2 with the particles 

surfaces. 

Table 7.2. Comparison of catalytic efficiency of MO-CTAB1:3 with recent reported works in the literature. 

Catalyst/ oxidant system 
Reaction time and 

temperature 

Conversion 

(%) 
Yield 1 (%) Reference 2 

Peroxo-tungsten complex 

PTA/H2O2 
5h, 80 °C - 

PA: 82 

AA: 79 
[2] * 

Polyoxomolybdate 5h, 90 °C - AA: 82 [3] * 

RuCl3/NaIO4 8h, RT - 
PA: 98 

AA 62 
[58] * 

H2WO4/H2O2 8h, 100 °C - 
PA 69 

AA 92 
[386] * 

Tungsten oxide-SiO2/ H2O2 1h, 130 °C 79 
PA 36 

AA 32 
[48] # 

Tungsten oxide/ H2O2 1h, 130 °C 56 
PA 29 

AA 30 
[48] # 

Chromium supported on MCM-

41/O2 
8 h, 80 °C > 95 

AA: 32.4 

PA: 32.2 
[339] # 

Tungsten oxide/ H2O2 5 h, 120 °C 95 
AA: 58 

PA: 24 
[399] # 

H2O2/MO-CTAB1:3 3.5 h, º°C 100 
PA 68% 

AA 83% 
This work # 

1. AA: azelaic acid, PA: pelargonic acid. 

2. *: homogeneous catalysis, #: heterogeneous catalysis 
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7.3.3 Recyclability of the catalysts 

Stability and consequently reusability of the catalyst, which are important parameters to 

scale up the process, were also investigated for the catalyst that gave the best efficiency (MO-

CTAB1:3). The catalyst was conveniently recovered from the mixture of products after the reaction 

by simple centrifugation at high rpm. No significant loss of catalyst (or no significant leaching of 

Mo species to the reaction solution) was found, even after 4 cycles of catalytic reaction. Yield of 

weight recovery for all the catalysts after the first cycle was more than ~97% and loss of the CTAB-

capped catalyst after 4 cycles obtained by ICP analysis was 9.4 wt%. This good recovery could be 

due to the protective role of the capping surfactant on the catalyst surface. Table 7.3 represents 

catalytic efficiencies obtained by catalyst MO-CTAB1:3 in the four performed reaction cycles, 

which shows insignificant activity loss. Yields of desired products slightly decreased during the 

cycles while the conversion was always the same. Comparing FTIR spectra of MO-CTAB1:3 

before and after each cycle (Figure 7.7) does not show any notable difference, which proves 

stability of the CTAB capped on the catalyst’s surface. Even after the fourth cycle, CTAB groups 

were still attached to the catalyst; all the characteristic peaks of alkyl group and molybdenum oxide 

remained after the cycles. The slight decrease in the yields may be due to the progressive 

detachment of CTAB and leaching of molybdenum oxide from the particle surface to the solution 

(leaching of Mo oxide: ~ 10% after 4 cycles of reaction). Furthermore, to verify that the reaction 

is truly heterogeneous and to investigate the possibility of leaching of Mo species in the reaction 

solution after removal of the catalyst, a catalytic test was performed with MoCTAB1:3 catalyst and 

stopped after 1 h of reaction, which showed 44% conversion and 28 and 21% yields of azelaic and 

pelargonic acids, respectively. After cooling down to room temperature the catalyst was removed, 

and the reaction solution was exposed to the reaction conditions for the remaining reaction time 

(2.5 h, at 85 °C). Although the conversion increased to 61%, the yields were negligibly changed 

(29 and 23% for azelaic and pelargonic acids, respectively), which could be well ascribed to the 

lack of catalyst. However, since the oxidant could alone cause the conversion of oleic acid (see 

Table 7.1 entry 1), the conversion was increased somewhat. From these results, it can be concluded 

that this new catalytic system displays high activity, good selectivity and environmentally benign 
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properties (using hydrogen peroxide instead of hazardous ozone) and the efficient reusability of 

the catalyst makes the process cost effective and eco-friendly. 

Table 7.3. Catalytic efficiencies obtained by catalyst MO-CTAB1:3 in different reaction cycles. 

Catalysts Reaction cycle Conversion 1 (%) Yield 2 of azelaic acid (%) 
Yield 2 of pelargonic acid 

(%) 

MO-CTAB1:3  1 100 83 68 

MO-CTAB1:3  2 100 80 65 

MO-CTAB1:3  3 100 78 63 

MO-CTAB1:3  4 99 77 61 

1. Reaction conditions: time: 3.5 h, temperature: 85 °C (bath temperature), solvent: tert-butanol, initial amounts 

of oleic acid: 1 g, t-butanol: 8 ml, H2O2: 4 ml, catalyst: 0.4 g. 

2. Yield, in this work, is defined as the number of moles of a product formed per mole of oleic acid consumed. 

 

 

Figure 7.7. FT-IR Spectra of MO-CTAB1:3 catalyst after different reaction cycles: (a) after cycle 1, (b) after cycle 

2, (c) after cycle 3, and (d) after cycle 4. 

7.4 Conclusions 

In summary, we have reported successful synthesis of surfactant-capped molybdenum 

oxide catalysts by simple oxidative dissolution method at 100 ºC, which were characterized by 

different techniques including XRD, FTIR, TGA, and SEM analyses. CTAB and TMA were used 
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as surfactant to organo-modify surfaces of molybdenum oxides. The physicochemical analysis 

revealed that the morphology of the products strongly depends on the nature and concentration of 

capping agents. The synthesized surfactant-capped catalysts showed excellent catalytic efficiency 

in oxidative cleavage of oleic acid to mono and dicarboxylic acids. The highest efficiency was 

obtained for the CTAB-capped molybdenum oxide (with CTAB/Mo molar ratio of 1/3), resulting 

in full conversion of oleic acid and 83 and 68 % yields of production of azelaic and pelargonic 

acids, respectively. This catalyst exhibited convenient recovery, good stability, and steady 

reusability over recycling experiments without significant activity loss up to four cycles. 

Employing an environmentally benign oxidant, hydrogen peroxide, this catalytic system would 

open a new pathway for production of diacids and fuel components from renewable feedstock.  
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7.5 Supporting Information 

 

Figure S7.1. Time-lapse views of the reaction mixture in the presence of MO-CTAB1:3 catalyst: (a) beginning of 

the reaction, (b) during the reaction, and (c) end of the reaction. 

 

 

Figure S7.2. Time-lapse views of the reaction mixture in the presence of MO-TMA1:3 catalyst: (a) beginning of the 

reaction, (b) during the reaction, and (c) end of the reaction.  
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Chapter 8. Conclusion and future scope 
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8.1 General conclusions 

The main goal of this research, as described before in the thesis, was to propose an 

alternative process for the hazardous ozonolysis of oleic acid. To do so, an efficient catalyst/oxidant 

system is required to oxidatively cleave the oleic acid (C18:1) into a mono- and a di-C9 acids. Our 

interest was to develop a catalyst that not only possesses high efficiency, but also exhibits other 

appealing characteristic to the industry including excellent recyclability and low-cost production. 

In order to follow a systematic research path for this PhD project, first of all we have reviewed all 

the reported works regarding use of different catalyst/oxidant systems in the oxidative cleavage of 

UFAs and their derivatives. This comprehensive theoretical study, which has been presented in 

Chapter 2, elucidated the plan of our experimental works. It clearly indicated that among all the 

used transition metals as catalytic core in such reactions (Os, Co, Ru, Cr, Au, Mn, Fe, Mo, and W), 

tungsten has attracted a great deal of attention. We found that homogeneous tungsten-based 

catalysts have shown great potentials in oxidation of UFAs, but such catalysts generally have low 

recovery efficiency. Then, our focus was chiefly placed on tungsten-based heterogeneous catalysts. 

Also, molybdenum as an inherently close to tungsten metal, the compounds of which have 

occasionally shown even better catalytic activity, was our secondary interest. Accordingly, 

different advanced heterogeneous catalysts were prepared and tried, including high surface area 

mesoporous tungsten oxide supported on γ-alumina, nanoparticles (NPs) of different structures of 

tungsten trioixde (hydrated and anhydrous), tungsten peroxide, and molybdenum oxide, as well as 

Keggin clusters of polyoxotungstates (POTs). The catalysts were thoroughly characterized with 

different techniques such as SEM, TEM, FTIR, XRD, TGA, DTA, EDS, N2 adsorption/desorption 

isotherms, zeta potential measurement, and elemental analysis, which have been explained in 

Chapter 3.  

In the first phase of our experimental works, mesoporous tungsten oxide was prepared. As 

discussed in Chapter 4, we have developed a solvothermal synthesis method for preparation of high 

surface area mesoporous WO3 supported on γ-alumina with narrow particle size distribution using 

glucose as template. Our interest was to reach a higher dimensionality of the interaction between 

the components and the catalyst surface by increasing the surface area via incorporation of the 

active sites in the mesostructured support. The obtained catalytic efficiencies although were 

comparable to what has been obtained in the literature for heterogeneous catalysts, did not show a 
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great achievement, most likely because of the pore diffusion controls on large and kinky shape of 

the oleic acid molecules exerted by mesostructures. 

Given the potential of WOx in oxidation of olefins on one hand, and the fact that tungsten 

oxide has several catalytically interesting crystalline structures on the other hand, we then 

synthesized different structures of tungsten oxide like [(WO2)O2.H2O], WO3, WO3.0.33H2O, and 

WO3.H2O via a unique and facile method, which has been shown in Chapter 5. Moreover, organo-

functionalization of nanocatalysts surfaces, as an efficient strategy for enhancement of catalytic 

performance in the biphasic reaction of oxidative cleavage of oleic acid, was done by CTAB. In 

order to prepare and organo-functionalization of the metal oxide NPs, we have developed a green 

and straightforward approach based on oxidative dissolution of bare micrometer scale metal 

powder in H2O2. Simply taking W powder, adding H2O2, and then by just altering the temperature 

of thermal treatment and/or adding a surfactant, different aforementioned structures of tungsten 

oxide were achieved. Exploiting cheap W powder as precursor and avoiding use of time- and 

energy-consuming operations in the synthetic procedure such as thermal treatment in autoclave and 

purification, as well as avoiding use of organic solvents, metal salts, and/or coordination 

compounds, which are commonly required in prior reported synthesis methods, are of the 

advantages of the employed synthesis method. In terms of catalytic test, the obtained conversion 

(100%) and yield of production of azelaic acid (~80 %) showed a great achievement in the reaction 

efficiency when being compared to the scarce works reported on heterogeneous catalytic oxidative 

cleavage of oleic acid. In addition to the simple preparation and superior catalytic activity, the 

organo-functionalized catalyst exhibited advantages of no active sites leaching, convenient 

recovery and steady reuse without loss of activity up to at least four cycles, which are important 

features for an industrial catalyst. 

Despite of the proved advantages of polyoxotungstate heterogeneous catalysts in different 

water-involving organic reactions such as hydrolysis, dehydration, esterification, and oxidation of 

olefins with H2O2, curiously their application in oxidation of UFAs has not been examined so far. 

In Chapter 6, we reported, for the first time, the use of solid POT catalysts in the oxidative cleavage 

of oleic acid. We have developed a novel, one-pot, and green synthesis method, complying with 

the principles of “Chimie Douce”, for preparation of the hybrid organic-inorganic POTs, starting 
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with bare tungsten powder as precursor, by contrast to the prior methods that often use 

phosphotungstic or tungstic acid. Two novel hybrid organic-inorganic Keggin compounds were 

prepared and introduced in this chapter via employing three tetraalkylammonium cations (NR4
+) 

with different alkyl chain length (TMA: tetramethylammonium, TPA: tetrapropylammonium, and 

TBA: tetrabutylammonium) in the synthesis; while in the absence of any organic moiety, simple 

tungsten trioxide was obtained, the Keggin clusters of TPAx[H8-xW12O40]∙nH2O and TBAx[H8-

xW12O40]∙nH2O were formed in the presence of TPA+ and TBA+ cations, respectively. In terms of 

the catalytic reaction, thanks to the pseudo-homogeneous behavior of the hybrid catalysts in the 

reaction, the strong and organo-protected acidity of the prepared Keggin compounds, and their 

known water tolerant properties, the catalysts exhibited excellent efficiency (100% conversion and 

up to 79% yield of production of azelaic acid), despite of their non-porous structures. Moreover, 

the NR4
+-encapsulated catalysts demonstrated efficient recovery and steady reusability without any 

significant decay in their activities up to at least 4 cycles. 

Finally, in Chapter 7, we presented the results of our works on molybdenum oxide catalysts 

organo-functionalized by CTAB and TMA. A series of molybdenum oxides were synthesized via 

the simple oxidative dissolution of molybdenum powder in H2O2, with and without the presence 

of the two organic surfactants. Effects of concentration of the organic surfactants on 

physicochemical properties and catalytic activities of the products were investigated. With the aid 

of surface organo-modification, the molybdenum oxide particles exhibited superior catalytic 

activity (full conversion of oleic acid and just more than 80% yield of production of azelaic acid) 

compared to the literature. 

 

8.2 Future scope 

The comprehensive theoretical studies performed throughout this research, which resulted 

in presenting two review papers, enabled us to acquire innovative knowledge in the field of 

materials synthesis and characterization, as well as vegetable oils science and technology. This 

afforded a wide outlook to foster the future works in these fields. Leveraging our experiences, the 

following suggestions are succinctly rendered, as the most striking ones: 
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- Kinetic studies of the reaction not only could decorate the evaluation of the catalysts, but 

also will results in proposing a mechanism for the reaction. Given the multi-step reaction 

of oxidative cleavage of oleic acid (see Chapter 6 and Scheme 6.3), and lack of proposed 

mechanisms of the reaction over solid catalysts in literature, such studies seem highly 

desirable. Optimization of the reaction conditions could also be achieved by kinetic studies. 

Since the desired products (azelaic and pelargonic acids) have been reported that are 

relatively metastable during the prolonged heating in the presence of transition metals, 

compared to the by-products (nonanal and 9-oxononanoic acid), optimization of the 

reaction time and temperature should be developed. Quantification of these by-products 

would provide clues to control selectivities to azelaic and pelargonic acids. Furthermore, 

we used about 150-180% excess H2O2 in our catalytic tests. Although use of a large excess 

H2O2 has been recommended in the literature for oxidation of UFAs, optimization of the 

oxidant amount as a result of kinetic studies would effectively reduce the cost of process. 

- Preparation of magnetically recyclable nanocatalysts given the high efficiency of magnetic 

separation compared to the conventional filtration and centrifugation is also proposed. 

Either magnetic catalysts or non-magnetic catalysts immobilized onto magnetic supports, 

which have been widely reviewed in literature, could be promising. It is evident that 

separation by means of applying an external magnetic field requires at least one magnetic 

metal which can be iron, cobalt or nickel. Magnetic core is generally made of oxides (e.g. 

iron oxide) or reduced species. Incorporation of another catalytically active metal is, 

nowadays, readily possible using decorated or core shell structures. 

- We performed some catalytic tests in the absence of organic solvent. Our works indicated 

that a kind of phase transfer catalytic role could be ascribed to the organo-functionalized 

nanocatalysts. Employing such catalysts would enable to use less amount of solvent. 

Elimination of organic solvent in accordance with green chemistry will be an important 

breakthrough in such biphasic reactions. Further studies to rise the yields in the absence of 

organic solvent are highly encouraged. 

- Given the pioneer application of heterogeneous Keggin-type catalysts in oxidation of UFAs 

in this work, and rapid development of hybrid organic-inorganic POT catalysts, future 
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works would enhance versatility of such hybrid catalysts by employing different organic 

moieties. 

- To precisely probe the possibility of leaching of catalyst’s active sites in the reaction 

medium, performing elemental analysis like ICPMS is recommended 

- Extension of the scope of the prepared catalysts to oxidation of other UFAs, rather than 

oleic acid, is also called for. 

- Our last suggestion is pertained to the preparation of fatty acids prior to GC analysis. 

Although the employed derivatization process is the most common method for 

esterification of fatty acids, the used catalyst (BF3) is not only recyclable, but also relatively 

expensive. This made our analyses costly. Some efforts are currently underway in lab-scale, 

and have been reported in the literature, on development of heterogeneous and recyclable 

catalysts made of hybrid POTs for quick esterification of fatty acids. These efforts should 

be fostered to make the analysis of fatty acids more economic. 
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