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Résumé 
La formation des liaisons C-C est parmi les cibles les plus élevés de la science et de la 

technologie de la catalyse. Dans ce cadre, la réaction de métathèse catalytique a gagné une 

importance considérable en raison de l'efficacité du processus de transformation. Par 

conséquent, un grand progrès a été réalisé dans ce domaine avec le développement de 

plusieurs catalyseurs homogènes et hétérogènes, ainsi que les différentes approches de 

métathèse. Cette formule a permis une conception plus facile et plus durable de diverses 

stratégies de synthèse dans différents domaines, y compris la synthèse organique, la science 

des polymères, etc. Cependant, le développement des catalyseurs de métathèse robustes 

pour les applications à grande échelle est encore une tâche difficile. 

Tenant compte de cela, les résultats de recherche présentés dans cette thèse de doctorat se 

concentrent sur la synthèse d'un nouveau catalyseur hétérogène de métathèse. Par 

conséquent, le méthyltrioxorhénium (MTO) a été supporté sur différents matériaux à base 

d'alumine. La performance des catalyseurs synthétisés a été étudié par l'auto-métathèse de 

l'oléate de méthyle, choisi comme substrat modèle; volumineux et fonctionnalisé, afin 

d'évaluer la tolérance des espèces actives aux groupements fonctionnels, ainsi que d'évaluer 

sa diffusion à l'intérieur des canaux mésoporeux. Tout d'abord, des supports très organisés à 

base alumine mésoporeux organisée modifiée avec le chlorure de zinc (ZnCl2-AMO) ont 

été préparés avec succès grâce à un procédé sol-gel puis une imprégnation post-synthèse. 

Le MTO supporté sur ces supports catalytiques est très actif pour l'auto-métathèse de 

l'oléate de méthyle, avec des  vitesses de réaction plus élevées et une meilleure sélectivité 

par rapport aux catalyseurs à base d'alumine classiques. Cette amélioration est attribuée à 

des meilleurs phénomènes de transfert de masse à l'intérieur du réseau mésoporeux 

organisé. Ensuite, nous avons développé une voie de synthèse efficace en une seule étape 

pour la préparation des matériaux ZnCl2-AMO. Cette approche a permis l'accès à des 

supports ZnCl2-AMO très ordonnés avec de meilleurs rendements de synthèse ainsi que de 

meilleures propriétés physiques et de surface. En outre, ces fonctionnalités améliorées ont 

permis aux catalyseurs à base de MTO supportés sur ces matériaux préparés en une seule 

étape de manifester une meilleure performance catalytique par rapport à celle de ZnCl2-

AMO préparé par le processus en plusieurs étapes. Toutefois, des études spectroscopiques 
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ont révélé la formation d'espèces actives semblables sur la surface pour tous les supports 

catalytiques préparées. Ces caractérisations nous ont guidés pour étudier et proposer un 

mécanisme complet pour les voies de formation des produits de métathèse, ainsi que le 

cycle catalytique de métathèse, démontrant l'effet d'encombrement stérique sur l'interface 

de catalyseurs qui contrôle la sélectivité de la réaction. 

La synthèse des catalyseurs de métathèse MTO/ZnCl2-AMO nous a permis d'effectuer 

efficacement les transformations de métathèse utilisant des matières premières 

renouvelables (par exemple des acides gras estérifiés provenant des huiles végétales), 

offrant un accès à une variété de monomères fonctionnalisés, qui pourraient éventuellement 

être utilisés pour d'autres transformations telles que la synthèse des bio-polymères à valeur 

ajoutée à base (par exemple, les bioplastiques, biosurfactants) 
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Abstract 
Sustainable C-C bond forming reactions have been among the highest target of catalysis 

science and technology. In this scope, metathesis reaction has been gaining enormous 

attention due to the efficiency of the transformation process. Therefore, a great progress has 

been made in this area by developing several homogeneous and heterogeneous catalysts as 

well as distinct metathesis reaction approaches. This allows an easier and more sustainable 

design for various synthesis strategies in different fields including organic synthesis, 

polymer science, etc. However, the development of robust metathesis catalysts for large 

scale applications is still a challenging task.  

Taking this into account, this research presented in this doctoral dissertation is focusing on 

the synthesis of new heterogeneous metathesis catalysts. Therefore, methyltrioxorhenium 

(MTO) was supported on various alumina-based materials. The synthesized catalysts' 

performance was studied though methyl oleate self-metathesis, chosen as a model bulky 

functionalized substrate, in order to evaluate the active species tolerance to functional 

groups as well as to evaluate its diffusion inside the mesoporous channels. First, highly 

organized ZnCl2-modified OMA supports were successfully prepared through a sol-gel 

method followed by a post-synthesis modification via wet-impregnation process. MTO 

supported on these catalytic supports were found o be highly active for methyl oleate self-

metathesis, displaying higher reaction rate and products selectivity compared to the 

conventional wormhole-like alumina-based catalysts. This improvement is ascribed to 

enhanced mass transfer phenomena inside the organized mesoporous network. Afterwards, 

we have developed efficient one-pot synthesis route ZnCl2-modified OMA supports. 

Interestingly, this approaches allowed access to numerous highly ordered ZnCl2-modified 

OMA supports with better synthesis yields and improved textural and surface properties. 

Moreover, these enhanced features allowed the MTO-based catalyst supported on these 

one-step prepared materials to exhibit higher metathesis reaction performance compared to 

ZnCl2-modified OMA supports prepared via the two-steps processes. However, 

spectroscopic investigations revealed the formation of similar surface active species for all 

the prepared catalytic supports. These characterizations guided us to study and propose a 

comprehensive mechanism of metathesis products formation pathways as well as the 
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metathesis catalytic cycle, demonstrating the steric hindrance effect on the catalysts 

interface that governed the reaction selectivity. 

The synthesis of the 3 wt.% MTO/ZnCl2-OMA catalysts allowed us to efficiently perform 

metathesis reaction using renewable feedstock (e.g. fatty acid esters derived from vegetable 

oils), offering access to a variety of functionalized monomers which could be used for 

further transformations such as the synthesis of value-added bio-based polymers (e.g. 

bioplastics, biosurfactants) 
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Preface 
This Ph.D. thesis is composed of seven chapters, three of them are written in the form of 

scientific papers where the candidate (A. Abidli) is the principle author. Two articles are 

published and the third one is submitted for publication (under review) at the time of the 

thesis submission. In these works, the candidate designed and performed all of the 

experiments. The characterizations data were taken by the respective specialists who are 

acknowledged. The candidate collected and analyzed all data. With the exception of the 

first article where Prof. Khaled Belkacemi contributed to the revision of the manuscript 

with the candidate, all manuscripts were written and revised by the candidate (A. Abidli). 

The present thesis is structured as follow; first an introduction on the research background 

and motivations (Chapter 1), then a detailed state-of-the-art literature review (Chapter 2). 

Afterwards we present our founded research hypothesis and set the projects objectives 

(Chapter 3). Subsequently, the three articles are presented in various chapters (Chapters 4 

to 6). Finally, we present the conclusions and our future outlook (Chapter 7). 

Chapter 4 reports the synthesis of hexagonally well-ordered mesoporous alumina materials 

modified with ZnCl2 (post-synthesis; two-steps). These materials were used as catalytic 

supports for MTO, and then these catalysts were successfully evaluated for their 

performance in methyl oleate self-metathesis reaction. Higher reaction rate, conversion and 

selectivity towards desired products was achieved compared to MTO-based catalysts 

supported on conventional wormhole-like mesoporous alumina. The corresponding results 

were published as "Synthesis, characterization and insights into stable and well organized 

hexagonal mesoporous zinc-doped alumina as promising metathesis catalysts carrier", 

authored by A. Abidli, S. Hamoudi and K. Belkacemi, Dalton Transactions, 2015, 44 (21), 

p. 9823-9838. 

Chapter 5 reports the synthesis of hexagonally well-ordered mesoporous alumina materials 

modified with ZnCl2 prepared via the newly developed one-pot process. Detailed 

comparison between the materials synthesis process (one-pot vs. two-steps syntheses) as 

well full characterizations and catalytic performance are described. The MTO-based 

catalysts supported on the one-pot prepared supports showed enhanced methyl oleate self-



xxx 

metathesis activity due to the enhanced features of the one-pot synthesized materials. 

Higher methyl oleate conversion was reached as well as better reaction selectivity towards 

desired metathesis reaction products compared the MTO-based catalysts supported on two-

steps prepared supports. The corresponding results were published as "One-pot direct 

synthesis route to self-assembled highly ordered Zn-decorated mesoporous aluminium 

oxide toward efficient and sustainable metathesis heterogeneous catalyst design", authored 

by A. Abidli, RSC Advances, 2015, 5 (112), p. 92743-92756. 

Unlike previous chapters (4 and 5), which focused on the synthesis and the characterization 

of the catalytic supports as well as the evaluation for methyl oleate self-metathesis, in 

Chapter 6 we focus on the characterization and the study of the catalysts prepared using 

organized mesoporous alumina synthesized via tow-steps and one-pot processes. The 

surface active species and metathesis reaction products were fully identified and 

investigated. These investigations allowed us the study of the mechanistic pathways for 

methyl oleate self-metathesis products formation as well as the catalytic cycle. The 

corresponding results will be submitted as "Well-defined organorhenium-based selective 

heterogeneous catalyst supported on stable ordered mesoporous ZnCl2-Al2O3: metathesis 

activity, surface active sites and mechanistic pathway" authored by A. Abidli. 
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Avant-propos 
Cette thèse de doctorat se compose de huit chapitres, trois d'entre eux sont rédigés sous 

forme d'articles scientifiques où le candidat (A. Abidli) est l'auteur principal. Deux articles 

sont publiés et le troisième est soumis pour publication au moment de la présentation de la 

thèse. Dans ces travaux, le candidat a conçu et réalisé toutes les expériences. Les données 

sur les caractérisations ont été prises par des spécialistes qui sont remerciés. Le candidat a 

collecté et analysé toutes les données. À l'exception du premier article où le Pr. Khaled 

Belkacemi a contribué à la révision du manuscrit avec le candidat, tous les manuscrits ont 

été rédigés et révisés par le candidat (A. Abidli). 

La présente thèse est structurée comme suit; d'abord une introduction sur le contexte 

scientifique et les motivations du projet (chapitre 1), puis une revue détaillé de la littérature 

(chapitre 2). Ensuite, nous présentons nos hypothèses de recherche et nous définissons les 

objectifs des projets (chapitre 3). Par la suite, les trois articles sont présentés dans divers 

chapitres (4 à 6). Enfin, nous présentons les conclusions et les futures perspectives (chapitre 

7). 

Chapitre 4 rapporte la synthèse des matériaux d'alumines mésoporeuses hexagonales très 

ordonnées modifiée avec du chlorure de zinc (post-synthèse; deux étapes). Ces matériaux 

ont été utilisés comme supports catalytiques pour le méthyltrioxorhénium (MTO), puis ces 

catalyseurs ont été évalués avec succès pour leur performance dans la réaction d'auto-

métathèse de l'oléate de méthyle. Un taux de réaction supérieur, une conversion plus élevée 

et une meilleure sélectivité vers les produits souhaités sont atteint avec ces catalyseurs par 

rapport aux catalyseurs de MTO à base d'alumine mésoporeuse conventionnelle 

désordonnée. Les résultats correspondants ont été publiés en tant que "Synthesis, 

characterization and insights into stable and well organized hexagonal mesoporous zinc-

doped alumina as promising metathesis catalysts carrier", par A. Abidli, S. Hamoudi and 

K. Belkacemi, Dalton Transactions, 2015, 44 (21), p. 9823-9838. 

Chapitre 5 rapporte la synthèse des matériaux d'alumines mésoporeuses hexagonales très 

ordonnées modifiée avec du chlorure de zinc préparés par un procédé en une seule étape 

nouvellement mis au point. Une comparaison détaillée entre les processus de synthèse des 
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matériaux (synthèse en une seule étape et synthèse en deux étapes), ainsi que des 

caractérisations complètes et l'évaluation de la performance catalytique sont décrits. Les 

catalyseurs MTO supportés sur les supports préparés en une seule étape ont montré une 

activité catalytique améliorée pour l'auto-métathèse de l'oléate de méthyle à cause des 

propriétés améliorées des matériaux synthétisés en une seule étape. Une conversion 

supérieure de l'oléate de méthyle a été atteinte, ainsi qu'une meilleure sélectivité de la 

réaction vers les produits de métathèse souhaités par rapport aux catalyseurs MTO 

supportés sur les supports préparés en deux étapes. Les résultats correspondants ont été 

publiés en tant que "One-pot direct synthesis route to self-assembled highly ordered Zn-

decorated mesoporous aluminium oxide toward efficient and sustainable metathesis 

heterogeneous catalyst design", par A. Abidli, RSC Advances, 2015, 5 (112), p. 92743-

92756. 

Contrairement aux chapitres précédents (4 et 5), qui portent sur la synthèse et la 

caractérisation des supports catalytiques ainsi que leur évaluation pour l'auto-métathèse de 

l'oléate de méthyle, au chapitre 6, nous nous concentrons sur la caractérisation et l'étude des 

catalyseurs préparés en utilisant matériaux d'alumines mésoporeuses hexagonales très 

ordonnées synthétisés par des processus en deux étapes et aussi en une seule étape. Les 

espèces actives de surface et des produits de métathèse ont été identifiés et étudiés. Ces 

données nous ont permis l'étude des voies mécanistiques qui conduisent à la formation des 

produits de l'auto-métathèse de l'oléate de méthyle ainsi que le cycle catalytique. Les 

résultats correspondants seront soumis en tant que "Well-defined organorhenium-based 

selective heterogeneous catalyst supported on stable ordered mesoporous ZnCl2-Al2O3: 

metathesis activity, surface active sites and mechanistic pathway" par A. Abidli. 
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Chapter 1: Introduction 
In this chapter, the role of catalysis and green chemistry in developing efficient tools for 

environment protection and resolving issues related to the pollutions phenomena are 

discussed. In this scope, the green metathesis routes and catalysis is evoked when dealing 

with biomass and wastes valorization (e.g. unsaturated fatty acids) are also discussed. 
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General introduction and background 
 

Pollution is one of various phenomena affecting earth life conditions; environmentally and 

economically. This phenomenon is a result of many factors. In fact, the exhaustive use of 

fossil energy is the major one. Meanwhile, many studies were lunched to build up green 

alternatives to become less dependent on fossil resources in the long term [1]. This 

transition has to be designed economically, ecologically and being socially acceptable. On 

this basis, we have to significantly reduce the consumption of fossil resources in order to 

manage as long as possible with the existing stocks. In the meantime, we have to find 

appropriate substitutes to this risky strategy [2]. This unsustainable situation is rising the 

awareness level, leading and forcing to think and debate about diversification strategy in 

the energy supply, to create new strategies to face these growing challenges including 

depletion of fossil fuel reserves, the significant fuel price rise, climate changes, global 

warming [3, 4] and other environmental concerns [5]. Therefore, renewable energy was set 

as an ambitious alternative, exploring its benefits and taking advantage of several resources 

such as wind, biomass, tidal energy, geo-thermal, biofuels, small-scale hydro and wave-

generated power [6], solar energy [7], etc. These resources are abundant, inexhaustible and 

environmentally friendly reserves. Moreover, renewable raw materials [8, 9] including 

wood, plant oils, plant fibers, sugars, starch, cellulose, wool and pelt, are used for both 

energy production and material applications, e.g. for fuels, textile fibers, construction 

materials, paper, lubricants, plastics, drugs, etc. 

Recently, much more attention has been given to the use of biomass and renewables to 

produce value-added products. In this area, catalysis plays a majors role by offering 

numerous tools for the conversion of these raw materials [10-16]. More interestingly, some 

of the industrial by-products which sometimes are considered as harmful and hazardous 

wastes, can not only be eliminated through catalytic processes, but also valorized into 

highly desired compounds. Catalysis is one of the green chemistry aspects. Up-to-date 

research efforts are focusing on making catalysis greener by designing catalysts and 

catalytic reactions to be more environmentally friendly by generating less wastes (by-

products), using less hazardous chemicals, reducing energy consumption, etc. Thus, these 
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green catalysts and catalytic processes can be used effectively for biomass conversion and 

wastes valorization [17, 18]. 

In this field, several catalytic routes have been advantageously explored for the conversion 

of these raw materials, including hydrogenation [19], deoxygenation [20], 

hydrodeoxygenation [21], oxidation [22], esterification [23], etc. Metathesis reaction has 

been one of these efficient catalytic strategies towards biomass valorization [24, 25], 

especially with catalysts bearing well-defined organometallic surface species [26, 27]. 

Among all the catalytic systems, solid catalysts meet all the requirements for efficient 

catalytic processes for biomass conversions at their interface [28]. Thus, current research 

efforts are highly focused on the design of new robust solid catalysts with higher 

performance and stability as well as low cost-production. Porous catalysts are considered as 

the largest class of catalysts developed in this scope. They are structurally favorable for 

biomass mass transfer and conversion [29], while particular attention is paid to mesoporous 

solid catalysts [30]. As a result, the field of supported porous metal oxide catalysts has been 

gathering enormous attention for their suitable applications in metathesis reaction [31, 32].  

Currently, organorhenium oxides-based catalysts are one of the most efficient 

heterogeneous metathesis catalysts [33], which attract enormous attention in catalysis. 

Particularly, MTO-based catalysts are among the latest generations in this family and the 

most explored metathesis catalysts [34-36]. However, up-to-date issues related to the 

catalysts selectivity and performance (conversion and reaction rate) are still challenging 

tasks. In addition, several issues remain unresolved when dealing with the existing catalytic 

supports used for this metathesis system. 
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Chapter 2: Review of literature 
 

2.1. Green catalysis toward clean industry and environment 
protection 

2.1.1. Catalysis in industry 

Along with other chemical transformations, catalysis science and technologies are widely 

used at the industrial scale since the first industrial catalytic application in 1746 by John 

Roebuck and Samuel Gardner who developed the lead chamber process for the 

manufacture of sulfuric acid [37, 38]. Catalysis is highly beneficial by reducing the time 

and the cost of value-added products fabrication, as well as enabling shorter synthetic 

methods minimizing the overall carbon-footprint of chemical manufacturing. In addition, 

catalytic conversions reduce by-products formation while increasing the yields and 

selectivity compared to the traditional stoichiometric, non-selective reactions which have 

high energy consumption and high waste production [39, 40]. Thus, catalyst offers an 

alternative, energetically favorable mechanism to the non-catalytic reaction. Indicating that, 

catalysis plays an important role in industry [41, 42], offering answers to both economical 

and environmental problems in different fields including pharmaceuticals, chemicals, 

agrochemicals, electronics, materials and polymers, as well as petroleum and energy, 

producing high value-added products (e.g. plastics, drugs, food additives, cosmetics and 

more). Currently, over 90 % of industrial processes include at least one catalytic step 

involving heterogeneous and/or homogeneous catalysts, while this is increasing steadily 

[43, 44]. Thus, the research for robust catalysts has been one of the highest priorities in the 

chemical industry enabling economical and environmentally-sound manufacturing 

processes.  

Pharmaceutical industry is one of the most important sectors that appeal for catalysis, 

reducing enormously the cost of drugs. The manufacturing of pharmaceutical ingredients is 

known for its high dropout rates during development, long time processes and extreme 

caution regarding the products purity and stability. In this particular sector, there is a high 

demand on enantioselective catalysts prepared with designed chiral ligands to control the 
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selectivity of bioactive compounds production in enantiomerically enriched form in which 

enantiomeric purity can be critical [45, 46]. However, pharmaceutical industry is one of the 

industrial sectors that generates the largest portion of waste [39]. A wide range of industrial 

catalytic processes have been developed including catalytic coupling reactions (C-C bond 

formation), carbonylation, hydrocyanation, hydroformylation, oxidation, polymerization, 

hydrogenation and olefin metathesis [40, 47].  

In the petrochemical industry, for instance, catalytic cracking has been performed 

traditionally at higher temperatures and pressure without catalyst. However, the presence of 

catalysts (e.g. zeolite) [48] allowed these transformations to perform efficiently at lower 

temperatures and pressure. Similarly, other petrochemical transformations were developed 

using industrial catalysts such as isomerization including chlorinated alumina doped with 

platinum or sulfated zirconia (SZ) [49], as well as reforming process over Pt/Al2O3 

catalysts [50]. The use of catalysts at the industrial scale allowed expensive products to be 

more available and accessible by lowering their manufacturing cost, as well as leading to 

further discovery of new classes of compounds. Table 1 summarizes the most common 

industrially established catalytic transformations. 

 
Table 1: Largest processes based on heterogeneous catalysis [44]. 
Reaction 
 

Catalyst 

Catalytic cracking of crude oil  Zeolites 
Hydrotreating of crude oil  Co-Mo, Ni-Mo, Ni-W (sulfidic form) 
Reforming of naphtha (to gasoline)  Pt, Pt-Re, Pt-Ir 
Alkylation H2SO4, HF, solid acids 
Polymerization of ethylene, propylene Cr, TiClx/MgCl2 
Epoxidation of ethylene to ethylene oxide Ag 
Vinyl chloride synthesis (ethylene + Cl2) Cu (as chloride) 
Steam reforming of methane to CO + H2  Ni 
Water-gas shift reaction  Fe (oxide), Cu-ZnO 
Methanation  Ni 
Ammonia synthesis Fe 
Ammonia oxidation to NO and HNO3  Pt-Rh 
Acrylonitrile synthesis from propylene and ammonia  Bi-Mo, Fe-Sb (oxides) 
Hydrogenation of vegetable oils  Ni 
Sulfuric acid synthesis V (oxide) 
Oxidation of CO & hydrocarbons (car exhaust) Pt, Pd 
Reduction of NOx (in exhaust) Rh, vanadium oxide 
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World class recognition of scientific progress in catalysis field is a great indicator of the 

importance of this area of chemistry. Between 1901 and 2012, the Nobel Foundation 

recognized achievements related to chemical and enzymatic catalysis at least 15 times. 

Among these laureates, in 2001, William S. Knowles, Ryoji Noyori (hydrogenation) and K. 

Barry Sharpless (oxidation) were awarded the Nobel Prize for the development of catalytic 

asymmetric synthesis [51-54]. Also, Yves Chauvin, Robert H. Grubbs and Richard R. 

Schrock were awarded the 2005 Nobel Prize for developing metathesis reaction and making 

breakthroughs in discovering transition-metal catalysts [55-57]. More recently, Richard F. 

Heck, Ei-ichi Negishi, and Akira Suzuki shared the Nobel Prize in 2010, for the 

development of palladium-catalyzed cross-coupling in organic synthesis [58-60].  

2.1.2. Chemical industry and environmental issues 

Industrial mass production of chemicals is one of the large environmental dilemmas of 

modern society. Despite the great progress made in catalysis and the advantages offered to 

resolve economical and environmental issues, chemical industry is, unfortunately, one of 

the most important pollution sources. It affects air, water and soil, thus damaging human 

and animal health as well as plant life. For instance, nitrogen dioxide (NO2), sulfur dioxide 

(SO2), carbon monoxide (CO), carbon dioxide (CO2), methane (CH4) 

and chlorofluorocarbons (CFCs) are the major share of toxic and harmful atmospheric 

pollutants gases (Figure 1a). These gases are generated from the chemical industrial and 

manufacturing activities, as well as fossil fuels burning (e.g. energy supply, transportation, 

industry, see Figure 1b) leading to harmful consequences such as acid rain. Moreover, due 

to these greenhouse gases emissions into the air, global warming has been increasing at a 

steady pace as a serious outcome of this chemical pollution.  

In addition to agricultural (e.g. pesticide residues) and domestic wastes, industrial wastes 

are the most important factor that contributes to water pollution. Hazardous substances such 

as heavy metals (e.g. Cd, Hg), inorganic pollutants (e.g. HCl), and organic pollutants such 

dioxin are released in water as a by-products of high-temperature processes (e.g. 

incomplete combustion, pesticide production, etc.). Dioxin is classified with the persistent 

organic pollutants (POPs) substances that are highly resistant to environmental degradation. 

This situation is very alarming, thus urgent solutions should be explored towards the 
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Thus, such solvents are often required to stabilize catalytic species or the avoid catalysts 

deactivation upon complexation that often occurs when using conventional solvents 

especially in homogeneous catalysis. Furthermore, using these green solvents render the 

catalytic process safer and easy to handle due to their low toxicity and high chemical and 

thermal stabilities, as well their high diffusivity and miscibility [71]. Furthermore, these 

solvents are recyclable owing to their easy separation and extraction [71]. While 

heterogeneous catalysis (biphasic catalysis) avoids the use of enormous amounts of solvent 

usually required for phase separation and products purification, these solvents are 

promising candidates as truly green industrial solvents [72].  

Increasing attention has been paid to green chemistry aspects. For instance, Figure 3b 

shows a constantly increasing use of microwave heating and ionic liquids in catalysis.  

 

(iii) Energy efficiency: The ideal catalytic transformations are those performed under 

ambient temperature and pressure conditions. However, if needed, energy consumption 

should be as efficient as possible. Thus, microwave heating is one of these methodologies 

based on alternative energy sources offering a rapid and direct heating of reaction 

substrates and catalysts. Microwave heating may even enhance the transformations 

selectivity when overcoming activation energy barriers at different elementary catalytic 

steps without giving enough time for by-products to form [73]. Moreover, using microwave 

irradiation could offer more safety features compared to conventional heating when 

accidents (e.g. fire, explosion) may occur due to long exposure to heating sources and 

overheating phenomenon. Solar energy is also considered as one of the most sustainable 

alternative energy sources which has been advantageously applied in catalysis (e.g. 

photocatalysis) [74].  

 

(iv) Cost-effective catalysis: Catalyzed reactions usually have fast kinetics which reduces 

the time and the cost of manufacturing processes and enhances the productivity of catalytic 

transformation. In addition, the recyclability of the catalysts renders the process more 

effective. Moreover, catalysis reduces the use of solvents and reagents compared to 

stoichiometric reactions, which is beneficial for the chemical industry. Advantageously, the 
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Catalytic applications take advantage of biomass, and renewables availability and low cost 

for the production of value-added products mostly with excellent biodegradability. 

Catalysis not only consumes efficiently clean energy, but also is a suitable alternative for 

both production and storage of clean and renewable energy. Furthermore, catalysis has a 

direct impact on environment protection, not only for the elimination and degradation of 

wastes and pollutants, but also in helping their recycling and valorization into value-added 

products. 

 (i) Biomass and renewables conversion and biodegradability:  Many feedstocks for the 

production of value-added compounds are based on petroleum, which is not a renewable 

resource. This situation is encouraging many research groups to explore new alternatives to 

ensure the sustainability (environmentally, economically and socially) and long-term 

productivity for future generations. This interest has increased significantly in the last two 

decades as the necessity for a renewable source of carbon has become more evident [12, 

76]. Therefore, catalysis was and still is among the powerful tools that is helping to 

overcome this issue by offering several pathways for the conversion of cheap, 

functionalized and readily available biomass and renewable feedstock into high value-

added platforms. These renewable feedstock supplies helped greatly to advance the modern 

chemical industry, especially supplies that do not compete with our food production. Table 

2 summarizes some selected catalytic conversions of various biomass and renewables into 

value-added products including: 

(a) Carbohydrates: monosaccharides (glucose, fructose, arabinose and galactose), 
disaccharide (e.g. lactose, cellobiose), polysaccharides (e.g. cellulose) and derivatives 
[77-80].  
(b) Furanic compounds: furfural, 5-hydroxymethylfurfural (HMF), isosorbide [81, 82].  
(c) Biomass-derived carboxylic acids: arabinonic, glutamic, itaconic, lactic, levulinic 
and succinic acid [83, 84].  
(d) Fatty compounds: edible fats and oils (C=C bonds, carboxylic group and fatty 
nitriles) [20, 85-87].  
(e) Wood and extractives derivatives: terpenes, phenolic compounds (e.g. creosol) [88, 
89].  
(f) Glycerol [90, 91], etc. 
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Table 2: List of selected catalytic transformations of biomass and renewables into value-

added products from recent literature 

Renewable feedstock 
 

Catalytic conversions 

(a) Carbohydrates: 
monosaccharides (glucose, 
fructose, arabinose and 
galactose), disaccharide (e.g. 
lactose, cellobiose), 
polysaccharides (e.g. 
cellulose) and derivatives 

 Hydrogenation of glucose to sorbitol [92, 93] 
 Deoxygenation of glucose to 2-deoxysorbitol [92] 
 Dehydration of glucose to 5-hydroxymethylfurfural [94, 95] 
 Isomerization of D-glucose into D-fructose [96] 
 Dehydration of fructose to 5-hydroxymethylfurfural [97] 
 Oxidation of arabinose to arabinonic acid [98] 
 Oxidation of D-galactose to galactonic acid [99] 
 Oxidation of lactose to lactobionic acid [100] 
 Hydrogenation of lactose into lactitol [101] 
 Oxidative depolymerization of starch, xylans, potato flesh and wheat 

flour to polyhydroxycarboxylic acids [102] 
 Degradation of cellobiose into glucose [103] 
 Hydrolysis of cellobiose and cellulose to glucose and total reducing 

sugars [104, 105] 
 Hydrolysis and hydrogenation of cellobiose and cellulose into sorbitol 

[106, 107] 
 Oxidation of cellobiose to gluconic acid [108, 109] 
 Bio-mimetic artificial catalytic degradation of polysaccharide [103] 

 
(b) Furanic compounds: 
furfural,  
5-hydroxymethylfurfural 
(HMF), isosorbide 

 Hydrogenation of 5-hydroxymethyl-2-furaldehyde (HMF) to 2,5 
bis(hydroxymethyl)tetrahydrofuran [110] 

 Oxidation of 5-hydroxymethyl-2-furfural into 2,5-diformylfuran [111, 
112] or furan-2,5-dicarboxylic acid [113] 

 Deoxygenation of furfural to 2-methylfuran [114] 
 Hydrogenation/rearrangement of furfural into cyclopentanone [115, 116] 

or cyclopentanol [116] 
 Hydrogenation/ hydrogenolysis of furfural into 1,5-pentanediol [117] 
 Hydrogenation of furfural to furfuryl alcohol [82, 118] 
 Oxidative esterification of furfural into methyl furoate [119] 
 Epimerization of isosorbide into isoidide [120] 
 Transamination of isosorbide [121] 

 
(c) Biomass-derived 
carboxylic acids: arabinonic, 
glutamic, itaconic, lactic, 
levulinic and succinic acid 
 
 

 Hydrogenation of arabinonic acid to arabitol [10] 
 Hydrogenation of glutamic acid to pyroglutaminol or to prolinol [122] 
 Decarboxylation of itaconic acid into methacrylic acid [123] 
 Esterification of itaconic acid into itaconate esters [124] 
 Enantioselective hydrogenation of itaconic acid [125] 
 Decarbonylation of lactic acid into acetaldehyde [126] 
 Hydrogenation of lactic acid to 1,2-propanediol [127] 
 Dehydration of lactic acid into acrylic acid [128] 
 Esterification of lactic acid into n-butyl lactate [129] 
 Hydrogenation of levulinic acid to γ-valerolactone [130] and 2-

methyltetrahydrofuran [131] 
 Esterification of levulinic acid into ethyl levulinate [132] 
 Biocatalyzed esterification of succinic acid into dioctyl esters [133] 
 Hydrogenation of succinic acid to tetrahydrofuran (THF) [134], 1,4-

butanediol [135], and γ-butyrolactone [136] 
 Catalytic wet air oxidation of succinic acid [137] 
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(d) Fatty compounds: edible 
fats and oils (C=C bonds, 
carboxylic group and fatty 
nitriles) 

 Deoxygenation of fatty acids [138] 
 Epoxidation of fatty acids and esters [139] 
 Oxidative cleavage of unsaturated fatty acid [140] 
 Metathesis of unsaturated fatty acid [141] 
 Esterification and of fatty acid [142] 
 Transesterification of fatty acid esters [143, 144] 
 Hydrodeoxygenation of fatty acids [145] 
 Hydrothermal catalytic cracking of fatty acids [146] 
 Hydrogenation of unsaturated fatty acid (C=C) [147] 
 Hydrogenation of fatty acids and esters into fatty alcohols [148-150] 
 Hydrogenation of fatty nitriles to fatty amines [151] 
 Isomerization of fatty acids [152] 
 Amidation of fatty acids [153] 
 Steam reforming of fatty acids [154] 

 
(e) Wood and extractives 
derivatives: terpenes, 
phenolic compounds (e.g. 
creosol) 

 Metathesis of β-pinene [155] and (-)-α-pinene [156] 
 Polymerization of α-pinene [157] 
 Oxidation of isolongifolene into isolongifolen-9-one [158] 
 Stereoselective hydrogenation of (-)-α-pinene, cis-verbanone [159], 

citronellol and menthol [160] 
 Hydroxylation of α-ionone and β-ionone to their corresponding mono-

hydroxylated derivatives [161] 
 Oxidative dehydrogenation α-terpinene to conjugated di-olefin [162] 
 Epoxidation of α-pinene, 5-vinyl-2-norbornene [162] and hydroxy-

containing unsaturated terpenes (α-terpineol, terpinen-4-ol, menth-1-en-
9-ol, menth-1-ene, limonene and α-terpinylacetate) [163] 

 Selective isomerization of 3-carene to 2-carene [164] 
 Hydroformylation of (+)-R-limonene and (−)-R-carvone [165] 
 Hydrodeoxygenation of lignin-derived phenolic compounds into alkanes 

[166, 167] 
 Aerobic oxidation of lignin-derived phenolic compounds [168] 
 Catalytic deoxygenation of phenolic compounds [169] 
 Steam reforming of guaiacol [170] 
 Condensation of creosol with short-chain aldehydes into bisphenols 

[171] 
 

(f) Glycerol  Esterification of glycerol into glyceryl diacetate and triacetate [172, 173] 
 Condensation of glycerol with acetone into solketal [174] 
 Dehydration of glycerol into acrolein [175] 
 Catalytic glycerol reforming [176] 
 Oxydehydration of glycerol into acrylic acid [177] 
 Hydrogenolysis of glycerol into 1,2-propanediol [178] 
 Oxidation of glycerol into glyceric acid [179] 
 Carbonylation of glycerol with urea into glycerol carbonate [180, 181] 

 

(ii) Pollutants degradation: One of the direct routes of catalysis implication in 

environment protection is the elimination of persistent biological, organic and inorganic 

hazardous substances found in water, air, soil, through catalytic degradation. In this scope 

enormous attention was focused on the development of sustainable routes both to prepare 

effective catalysts and to develop new efficient strategies for pollutants selective 

remediation. However, heterogeneous photocatalysis holds the major share of these 
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catalysts and catalytic processes [182], and this field has significantly exploded in the past 

decade [183, 184]. Interestingly, these processes use efficiently the light irradiation energy 

(UV or visible), even if some catalysts were revealed to be active also while in the dark 

[185].  

Nowadays, the waste streams from chemical industry are strictly controlled and treated 

before being released in the environment. Herein, we are listing some of the recent 

examples of catalytic application for air, water and soil contaminants eliminations: 

(a) Air:  

 Photocatalytic degradation of NOx gases through oxidation of NO and NO2 
toxic gases [186-188] 
 Photocatalytic oxidation of NO and carbon particulate matter are air 
pollutants emitted by diesel engines to CO2 and N2 [189] 
 Catalytic oxidation for the elimination of volatile organic compounds 
(VOCs) including formaldehyde [190], toluene [191], benzene [192], xylenes 
[193], etc. 

(b) Water: 

 Elimination of the methyl blue from wastewater by advanced oxidation 
process [194] 
 Photocatalytic degradation of pesticides found in citrus processing industry 
wastewater (thiabendazole, imazalil and acetamiprid) [195] 
 Degradation of high concentration azo-dye wastewater [196] 
 Elimination of halogenated organic compounds [197], particularly the 
degradation of wastewater chlorinated compounds (e.g. p-chloroaniline) [198], 
2,4-dichlorophenoxyacetic [199], pentachlorophenol [200], 1,2-dichloroethane 
[201], as well as 1,2-dichlorobenzene [202] and trichloroethylene [201], etc. 

(c) Soil and solid wastes: 

 Oxidative degradation of nitrophenols contaminate the soil into nontoxic 
carbon and nitrogen minerals [203] 
 Photocatalysts for the degradation of Rhodamine B [204] 

 

(iii) Wastes valorization: In addition to elimination and degradation, wastes treatment can 

allow access to several chemical platforms and value-added compounds. Thus, green 

catalysis can serve as efficient tool to protect our resources. Such process is essential for 

delivering a sustainable development and a long term growth. The conversion of these 

contaminants can be performed selectively in a mixture or after separation. Several 

renewables among those stated in the Table 2 above can be generated as industrial by-
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products, and then they can be converted into value-added products as illustrated by the 

examples reported above (Table 2). A variety of these valorized products are used directly 

as cheap raw materials. Among these products we find mainly lactose from dairy industry 

[205], glucose from rice straw waste [206], silica from rice husk generated from industrial 

production of rice [207], high density polyethylene from plastic industry [208], and free 

fatty acids from animal fat residues in wastewater [209]. 

 

(iv) Clean and renewable energy use, production and storage: In addition to the 

environmental consequence of using fossil feedstock (oil, natural gasses, coal, etc.), the 

dependence on these energy sources is a highly risky strategy for long term sustainable 

economy. Therefore, alternative energy sources (e.g. wind, nuclear, hydroelectric power, 

etc.) are highly desired to build up a better future on earth. In addition to the efficient use of 

clean energy of different forms in catalysis (e.g. solar energy and microwave), green 

catalysis can also serve to produce and store clean and renewable energy especially 

hydrogen and biofuels (e.g. bioalcohols, bioethers, syngas, biogas, etc.). Several examples 

are reported in the literature including the catalytic capture of CO2 and its conversion into 

synthetic natural gas (CH4) [210], the production of clean and renewable hydrogen energy 

through catalytic water splitting by using solar energy [211], catalytic electrochemical 

hydrogen evolution reaction [212], and the electrocatalytic reduction of carbon dioxide and 

monoxide to produce liquid fuel (ethanol) [213], as well as numerous catalytic processes 

for biofuel production such as biomass hydrodeoxygenation [214], esterification [215], 

transesterification [216], hydrogenation [217], etc. Similarly, several strategies were 

developed for the storage of clean energy such as ambient temperature catalytic 

dehydrogenation to produce hydrogen from viable hydrogen storage medium (e.g. formic 

acid) [218], methane, hydrogen, and acetylene storage in metal-organic frameworks [219] 

as well as electrocatalyst for higher-capacity rechargeable lithium batteries [220], etc. 

2.1.5. Green and sustainable catalysts design 

Along with the development of green catalytic transformations, ingeniously a remarkable 

progress has been also made toward green preparation of catalysts themselves. Therefore, 

as illustrated in Figure 5, variety of approaches have been developed for the green design 

and synthesis of catalysts, including; the design of magnetically recoverable catalysts, 
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based on surface modification of magnetic nanoparticles with active catalytic species 

(Figure 6c) [227]. These magnetic nanoparticles are solid supports having small size and 

high surface area enabling excellent loading and high catalytic activity [225]. These 

catalysts have been showing excellent performances for a wide range of catalytic 

transformations [228].  

 

(ii) Green nanocatalysts: Recently, nanocatalysis is gathering expanded attention, mainly 

because it bridges homogeneous catalysis performing catalytic processes at a single metal 

site from reactants to products, and heterogeneous catalysis through the use of insoluble 

microscopic powders [229]. The nanoscale features of these catalysts benefit widely from 

the increased surface-to-volume ratio and the accessibility of active surface sites, especially 

for surface-dependent catalysis [229]. These catalysts are highly stable and efficient for 

environmental perspectives such as degradation of organic pollutants over heterogeneous 

Fenton catalysts through the generation of hydroxyl radicals from hydrogen peroxide [230] 

and for the generation and storage of clean energy (e.g. hydrogen) [231]. These fascinating 

features and applications make catalysis greener [229, 232].  

 

(iii) Biocatalysis: Enzymatic catalysis is gaining an increased popularity as the most 

powerful biotechnological tool in the chemical industry due to its remarkable efficiency and 

selectivity. Enzymes are considered as green catalysts due to their biodegradability and 

their inexpensive production which is usually performed via fermentation of renewable 

feedstock [39]. However, regeneration and recovery of enzymes is often troublesome. 

Thus, in order to offer more cost-effective and greener catalytic processes, several enzymes 

(e.g. lipase) have been successfully immobilized on solid catalytic supports (e.g. porous 

materials) and membranes enabling excellent activity, stability and recycling, thus 

improving the process economics (Scheme 1) [233-237]. Moreover, enhanced performance 

is often observed with immobilized enzymes compared to their free counterparts, due to 

their favourable interactions with the support as well as their protection and preservation of 

the enzyme properties under drastic conditions (improved stability) [238]. These 

biocatalysts are widely used for biorenewables production through biomass breakdown 

[239, 240], in functional cosmetics synthesis [241], and carbon dioxide capture applications 



 

21 
 

 



22 

simpler and more economical than conventional convective heating methods. Moreover, 

these synthesis processes are achieved with significant energy savings enabling easy 

scalability, thus overcoming a major drawback usually encountered in chemistry of 

materials [247-249]. Furthermore, microwave heating allows a great control over the 

materials morphological and textural properties [250]. These materials features can be 

tailored upon variation of synthesis conditions (e.g. precursors, reaction medium, etc.) 

which could have distinct microwave absorption abilities [251]. It was reported that the 

fast heating rates when using microwaves enhances the dispersion of supported catalysts 

[252], and the uniformity of pore network in porous materials [246, 253]. Also, it 

generates phase, morphology and size-controlled uniform particles by promoting 

homogeneous molecular nucleation and growth as well as rapid crystallization rates 

compared to conventional heating [254-259], often leading to materials with large 

external surface areas [256]. These interesting features offered by microwave heating 

method, usually leads to more active and stable catalysts and catalytic materials [260].  

 

 Ionic liquids for catalysts preparation; formation, stabilization and 

recyclability of catalysts: Besides being one of the most effective reaction media due to 

several parameters (solid-like nonvolatility properties, unique mobility with great and 

useful surface area, high stability, and easy recyclability), ionic liquids are also used as 

dual solvent-catalysts [261, 262]. Ionic liquids can be used as a highly efficient Brønsted 

acid catalysts for various transformations (e.g. esterification [263], Mannich [264], 

oxidative desulfurization reactions [265], etc.) often without any additional catalysts 

[266], especially when using ionic liquids bearing superacid functionalities [261]. These 

catalysts showed impressive performance and recyclability within distinct catalytic 

systems (homogeneous, heterogeneous and biphasic catalysis) [267]. Similarly, several 

homogeneous catalysts have been effectively tagged on ionic liquids showing excellent 

catalytic activity and efficient recyclability and reuse [268, 269]. Furthermore, ionic 

liquids have been successfully used to promote the formation and stabilization of catalysts 

and catalytic materials as useful catalyst support (e.g. for metal nanoparticles) [267, 270]. 

ionic liquids can serve as catalysts support for homogeneous, heterogeneous and 

biocatalysts. However, they can also be covalently bonded to functionalized solid 
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catalysts (e.g. metal oxides, polymers, etc.) [271-273]. Interestingly, ionic liquids-

immobilized/functionalized catalysts were reported the undergo a synergetic effect that 

promotes their catalytic activity [271]. The extraction of reaction products is more 

efficient in the presence of ionic layer due to the immiscibility of ionic liquids with many 

organic solvents simplifying the work-up procedure. It is thus more easy and practical to 

recover and recycle the catalyst found in this ionic layer [262], avoiding problems related 

to catalysts leaching. Moreover, recently, an emerging trend consists on combining ionic 

liquids and magnetic nanoparticles advantages, through the preparation of magnetically 

supported ionic liquid-based recoverable catalysts with a fascinating performance and 

recyclability because it could easily be recovered by separation using an external magnet 

[274-277]. However, ionic liquids could be also used for the synthesis of catalytic 

materials either as solvent [278, 279], template [280-283], or even as reactant/precursor 

[284-286].  

 

(v) Heterogenized homogeneous catalysts: 

Due to the remarkable activity and interesting modulation abilities of homogeneous 

catalysts, enormous efforts have been focused recently on developing practical strategies 

for their recycling and regeneration towards cost-effective applications. In similar fashion 

to enzymes immobilization, the heterogenization of homogeneous catalysts has been also 

showing remarkable results upon their grafting on a variety of functionalized solid catalytic 

supports [287]. This strategy is widely used for the synthesis of immobilized 

asymmetric stereoselective catalyst [288, 289]. Numerous papers have been reported 

describing successful heterogenization of molecular catalysts in solid supports [267]. 

Usually, immobilization strategies are based on covalent bonding through highly reactive 

ligands and/or functionalized solid surface [287, 290, 291]. However, these homogeneous 

metal complex catalysts can also be immobilized via ion pair formation (electrostatic 

interactions) or entrapment [292]. Micro-encapsulation in polymer films is also an effective 

strategy to immobilize homogeneous catalysts [290]. These immobilization strategies do 

not only promote the regeneration of the catalysts but also enhance the catalysts stability 

and the activity with a uniform distribution on the support surface. These catalysts exhibit 

higher catalytic efficiency and robustness than their homogeneous analogues without 
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significant loss of catalytic activity after recycling and reuse several times [293, 294]. 

Furthermore, the immobilization process can help to transform an inactive homogeneous 

system into an efficient catalyst due to the pseudo-dilution effect, with reduced formation 

of aggregates in the supported system that usually take place in the homogeneous 

counterpart system. Furthermore, as described above, IL can also serve as an efficient 

support for homogeneous catalyst immobilization. 

 

(vi) Catalysts biosynthesis:  

Despite the conversion of biomass renewable resources and wastes into value-added 

products through catalytic transformations, these resources are also used for the preparation 

of catalysts and catalytic materials in various forms. These inexpensive available 

compounds can be used as precursors for the synthesis of functional  materials, for 

instance, glucose as carbon source for the synthesis of metal carbides [295]. and other 

carbon-based materials [296]. Silica and carbon-derived materials can be economically 

prepared from rice husk pyrolysis char, agar extracts, cellulose, 2-furaldehyde and plant 

material wastes as precursors; these prepared silica and carbon-derived materials are 

successfully used as adsorbents and catalysts [297-301]. The ideal synthesis of porous and 

nano-shaped materials is through template-free strategies [302]. However, when templates 

are required we should appeal for cheap and available compounds. Thus, in addition to 

their use as precursors, inexpensive compounds from biomass renewable resources and 

wastes are also used as templates for the synthesis, growth and formation of various 

nanostructured materials (e.g. SnO2, Fe3O4, TiO2, Al2O3) [303-306]. However, these 

compounds can also be used both as precursors and templates [307, 308]. More 

interestingly, even the residues of used catalysts can be reused to prepare a new catalyst. 

For instance, the dissolved metals (e.g. V, W, etc.) in leaching solution can be separated 

and involved in another catalyst preparation process for more cost-effective and 

environmentally friendly synthesis [309].  
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(vii) Nanomaterials, nanoparticles and metal-based catalysts toxicity and 

environmental risks:  

No doubt that nanomaterials and related catalysts provided various solutions and 

breakthroughs towards the advancement and enhancement of various transformations. 

However, the ultimate success of many nanotechnologies will depend on our ability to 

understand and manage nanomaterial health risks [310]. Therefore, awareness of 

nanomaterials’ toxicity should be raised among scientists and manufacturers handling them. 

In this scope and recently, limited research are conducted in this area and few reports have 

been published dealing with the "nanotoxicology" aspects [311-313], while, more attention 

should be paid to this serious issue in order to establish a greener nanotechnology. The 

small size of nanoparticles allows them to penetrate easy into various environments even 

inside cells (human, animal and plants). Therefore, the main threat of these compounds is 

their contribution in increasing the proportion of nanometer-sized particles in the 

environment and expanding the variety of chemical compositions [311]. The exposure to 

this kind of conditions (e.g. air pollution) may lead to serious consequences such as lung 

damage (e.g. inhaled nanoparticles), respiratory and cardiovascular diseases, as well as 

various cancers due to non-inhalation routes of nanoparticles (e.g. dermal and medical 

injectables) [311, 312, 314]. Moreover, the penetration of nanomaterial into living cells can 

cause tissue inflammation as well as major abnormal biochemical cellular function or cell 

death [311, 312, 314]. On the other side, some of the nanoparticles are relatively benign to 

biological systems. This beneficial feature is allowing the use of nanomaterials for 

therapeutical aims, such as cell tracking, drug delivery agents and biomedical devices [315-

317]. 

Eventually, multidisciplinary efforts should be made in order to manage the use and 

application of these nanomaterials towards technological and industrial development, while 

limiting their impact on environment and health. The fundamental understanding and 

identification of nanoparticles-related toxins creation and exposure mechanisms and 

pathways, as well as their biochemical interactions within organisms can greatly help to 

reduce human exposure to toxic nanomaterials [311]. It is also, crucially important that 

novel nanomaterials must be biologically characterized for their health hazards to ensure 
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risk-free use [318], for instance the development of specific or general in vitro screening 

assays [319]. 

On the other hand, catalysts' degradation and particularly catalysts-related metal residues 

could be harmful. Therefore, limiting this phenomena and is a challenging task to ensure 

that the concentrations of heavy metals leachate (e.g. Cd, Co, Ni, Cu, Au, Cr, etc.) should 

be low compared with the environmental standards. These components can bind to, and 

interfere with the functioning of vital cellular components, causing serious diseases.  

Currently, methods that are used for metal species immobilization on catalytic support are 

often based on covalent interactions, these methods are considered as highly efficient 

grafting strategies. Nevertheless, studies showed that, for instance, pH is a major 

controlling factor in metal leachability of metal-based catalysts [320]. Therefore, 

comprehensive analytical characterizations of the catalysts' residue in the isolated 

compounds should be performed, especially when elaborating either a pilot plant or scale-

up production catalytic systems. Similar characterizations should also be conducted on 

wastes (e.g. by-products) generated by these processes, to allow acceptable landfill disposal 

of the leach residues. Like final product/by-products toxicity evaluation and treatment, 

thousands of tons per year of spent catalysts generated by industry (food, chemical, 

petroleum, petrochemical, etc.), which contain significant amount of metals [321], should 

be similarly neutralized.   

Nowadays, depending on the nature of these metals and their environments (e.g. water, soil, 

etc.), numerous technologies are employed to re-mediate toxic heavy metals such as 

extraction (e.g. volatization), isolation, physical separation (mechanical), immobilization, 

chelating agents, oxidation/reduction, etc. Nonetheless, regardless of their heavy metal 

nature some of these metals are essential, in small quantities, for human health. 

Furthermore, metals encapsulation was found to be an efficient strategy to reduce heavy 

metals concentrations and toxicity. In vitro biopersistence studies showed that carbon 

nanotubes-encapsulated (non-bioavailable) metal particles in catalysts persists in a stable 

and biologically unavailable form, suggesting that simple removal of bioavailable (free) 

metal is a promising strategy for reducing these catalysts' health risks [322]. Similarly, 
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encapsulation using clay was found to lead to formation of a matrix around the heavy 

metals to prevent leaching [323]. 

2.2. Harmful plastic wastes and bioplastic production 

2.2.1. Plastic wastes elimination and catalysis 

Among all pollution source, solid wastes are the most threatening due to the enormous 

amount generated by the industry. Plastic packaging waste is currently a major share of 

solid wastes, increasing environmental concerns because it likely ends up in landfill sites 

and may take thousands of years to be eliminated [324]. Nearly all these wastes are non-

biodegradable and their complex composition hampers their recycling or their reuse 

especially [325].  

Efforts have been made in order to establish efficient routes for plastic waste management. 

However, current options are generally limited to recycling and landfill disposal. Moreover, 

incineration is also widely used for this purpose. However, practically, in some cases, this 

method has serious consequences such as the generation of hazardous emissions of 

potentially carcinogenic compounds as well as poisonous gases [208]. Interestingly, several 

heterogeneous catalytic applications (e.g. depolymerization) are found very useful and 

effective for the degradation of plastic wastes, in addition to their valorization into value-

added products [208], fuels and chemicals [326].  

2.2.2. Bioplastics as a suitable alternative to conventional polymers 

In the early 1980s, bio-based plastics were introduced as nonpetroleum-based polymers 

decreasing the environmental and economical problems derived from production, use, and 

disposal of petroleum-based plastics [327]. Bioplastics are ecofriendly plastics with lower 

environmental impact. Some of these plastics are ideally biodegradable which can be 

degraded to carbon dioxide and water by the action of naturally occurring microorganisms 

[328]. In the past two decades, bioplastics gathered a wide attention for their highly 

potential material-like properties, low production costs, and their friendly non polluting 

degradation [329], biodisintegration in the environment [330], as well as the 

environmentally and non costly regeneration process [331]. Bioplastics can be produced by 

modification of naturally occurring polymers. However, these polymers are mainly 
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However, these bio-polymers are widely used for agricultural applications, considering the 

direct relationship of agricultural products with human health (e.g. food packaging) because 

of the interesting features of such polymers (e.g. low toxicity). Thus, various products have 

been made including shopping bags, kitchen utensils, food packaging bio-based plastic 

bottles and food bags. These polymers also are currently used for medical applications 

[327] (e.g. biomedical devices and tools, drugs packaging, etc.), automobile industry [337] 

(e.g. tires and other automobile parts and devices), electronic devices like cell phone parts 

[338] and other household equipments. 

2.2.4. Development, challenges and future of bioplastics 

Biopolymers are not fossil fuel-dependent which helps to preserve fossil feedstock reserve 

and reduces anthropogenic greenhouse gas emissions, having a lower impact than 

conventional polymers. This is highly beneficial against eutrophication, carcinogens, and 

ozone layer depletion. They also contribute to increase the security of raw material supply 

through the transition from fossil feedstock to sustainable bio-based renewable and low-

cost feedstock [336, 339]. Despite all these advantages and beneficial features, bioplastic 

industry is still facing challenges, like inferior mechanical properties and processability. 

These drawbacks limit their potential use in some high-volume markets like automotive, 

but their biodegradability can make them a valuable choice in markets such as biomedical 

and agriculture. 

With no doubts, this class of polymers is the future toward ecofriendly use and elimination 

of solid wastes. These bio-based polymers are highly interesting due to their green and 

cost-effective life cycle, their biodegradability and recyclability features. Thus, these 

polymers are expected to widen their application field, especially with high expectations 

due to several factors such as: 

 Secured feedstock: raw materials availability 

 Regulations: meets and respects international environment and heath standards 

 Performance: progressive improvement of thermal and physical properties 

 Growing market: exploded and significant demand in the target markets 
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catalysts [43], e.g. petroleum refining cracking process over Pt/Re on alumina, zeolite 

[354], methanol synthesis over Cu/ZnO/Al2O3 [355] and styrene production over 

mesoporous alumina supported iron oxide catalyst [356]. Heterogeneous catalyst active 

sites engineering and modification are widely enhanced by the development and the 

improvement of the spectroscopic analysis methods, which was and still is a topic of high 

interest since the introduction of the catalytically active site concept by Taylor ninety years 

ago [357]. 

On the other hand, costly homogenous catalysts are mainly used in small-scale laboratory 

synthesis, particularly when selectivity is critical and product-catalyst separation problems 

can be easily solved. Homogeneous catalytic systems are generally far more selective for a 

single product, more active, and more easily studied from chemical and mechanistic 

aspects. Moreover, they are kinetically easy to determine due to the simplicity of the 

catalytic system and the obvious interaction with substrates (e.g. olefins for metathesis), as 

well as the clear pathway for active sites and intermediate species formation. In addition, 

homogeneous catalysts are easily modified for optimizing selectivity, thus ligands steric 

and electronic properties are broadly tailored for that purpose. Nevertheless, these 

homogeneous systems are more susceptible to poisoning and they are far more sensitive to 

permanent deactivation due to their low stability, especially towards thermal conditions, 

which make their decomposition very fast. In general, homogeneous catalysts deactivation 

takes many forms including accidental contact air or moisture; lability of metal−ligand 

bonds or ligands degradation; inhibition by the solvents, by deposition of bulk metal; by 

reaction products accumulation or substrate functionalities [358]. Moreover, stable catalytic 

intermediates are often formed during the reaction; such undesired complex doesn’t offer 

any catalytic activity which alters the catalytic cycle, decreasing the catalyst activity and 

reducing its life cycle. Furthermore, since these catalysts operate in single-phase media, 

their separation from products/reactants is often extremely difficult, if not impossible to 

achieve, while catalysts poisoning sometimes results in inorganic salts formation which are 

highly toxic and hazardous to dispose of.  

In contrast, heterogeneous catalysts are insoluble solids found in a different phase from 

substrates, solvents and products, which makes the catalyst active interface site less 
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exposed to poisoning conditions. The biphasic media allows easy separation of 

substrates/products, rapid solvents extraction and easy recovery and recycling of the solid 

catalyst without exhausting costly experimental workup. Thus, highly pure products are 

easily isolated with no or minimized catalyst (e.g. metals) trace in the final products. 

Moreover, some heterogeneous catalysts are even more selective than their homogeneous 

counterparts. However, the presence of numerous kinds of active sites on the catalyst 

surface as well as the low concentration of desired active sites alters the heterogeneous 

systems selectivity and activity.  

Heterogeneous systems tolerate a wide range of temperatures and pressures, which makes 

their use and storage safer compared to the homogeneous systems. However, heterogeneous 

catalyst deactivation is not excluded especially with supported catalyst on porous materials 

including chemical, thermal, and mechanical deactivation phenomena, through several 

mechanism such as poisoning, fouling, thermal degradation and sintering, vapor formation, 

vapor-solid and solid-solid reactions, coking as well as attrition/crushing [359]. However, 

poisoning due to strong chemisorption of species (e.g. reactants, products, or impurities) on 

catalytic sites which block sites for catalytic reaction, is the most commonly encountered 

[359].  

In many cases, kinetic and mechanistic analyses of homogeneous heterogeneous systems 

performance have contributed to provide insights on the reasons behind catalysts 

deactivation, which paved the way for further studies to avoid such catalyst design and 

reaction conditions. The development of sustainable catalysts could be established through 

a combination of the advantages of homogeneous and heterogeneous catalysis, e.g. 

heterogenizing homogeneous catalysts by grafting transition-metal 

inorganic/organometallic complex catalysts on high surface area mesoporous solid supports 

through covalent or ionic bonding [360-363], these support are considered as a highly 

effective rigid ligands. Other attractive combined catalytic systems have been developed; 

e.g. thermomorphic soluble fluorous biphase catalysts,[364] functionalized room-

temperature ionic liquids [365], supercritical fluids extraction for catalyst 

regeneration/activation [366, 367] and “ship-in-a-bottle” trapped catalysts [368].  
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than alumina alone [384]. In agreement with these results, Re2O7/SiO2-Al2O3-R4Sn showed 

higher conversions compared to Re2O7/Al2O3-R4Sn [386]. Re2O7-based catalyst activity 

towards metathesis is attributed to ReO4
- reactivity. FTIR analysis showed that ReO4

- ions 

interact with basic surface OH groups only, while other interactions with neutral and acidic 

OH groups were detected at higher Re2O7 loadings, and more acidic phosphorus-bonded 

OH groups reacted with ReO4 − ions at low Re2O7 loadings [387]. The Re2O7/Al2O3 

catalytic system stability was greatly affected at higher temperatures. In contrast, alkyltin 

compounds led to a large increase in activity at lower loadings [386]. Re2O7/Al2O3 are not 

stable due to the few interactions (linkage) of the ReO4
- ions with the hydroxyl groups on 

the alumina support surface [386]. This catalytic system remains inactive after only the first 

cycle, where it can be regenerated and partially activated with additional co-catalyst 

amount and further thermal treatment under oxygen flow [388, 389].  

Addition of MoO3, V2O5, or WO3 oxides as metathesis reaction promoters to the 

Re2O7/Al2O3-R4Sn  and Re2O7/SiO2-Al2O3-R4Sn systems proved to be beneficial to 

enhance the metathesis reaction rate,[385, 390] while, addition of 6% B2O3 was shown to 

be efficient to increase the metathesis reaction activity of alumina and alumina-silica 

supported Re2O7 [391]. Re2O7/SiO2-Al2O3 and Re2O7/B2O3/SiO2-Al2O3 catalytic systems 

were proven to be very active for metathesis reaction of bulky functionalized substrates 

(e.g. fatty acid esters) without using any tin-based co-catalyst. Furthermore, germanium and 

silicon were used as promoters, e.g. R4Ge, R4Si, R3GeH, R3SiH (R= Me, Et, Bu) achieving 

good conversions with reasonable selectivity [392]. Recently, Re2O7/Al2O3 catalyst was 

investigated without the addition of any co-catalyst; furthermore, the metathesis reaction 

was performed under continuous supercritical CO2 flow as a carrier to deliver reactants and 

remove products over the heterogeneous catalytic bed of Re-oxide supported on γ-Al2O3, 

showing a high metathesis reaction activity for simple non bulky functionalized olefins, but 

the catalyst was completely deactivated within 100-150 min [393]. Other Re2O7-based 

related species were reported for their metathesis reaction activity; ReO3-based complex 

was also isolated as an active catalyst for metathesis reaction, which is obtained from 

Re2O7 and  several  organic-inorganic precursors [394]. The catalytic system 

Re(CO)5Cl/C2H5AlCl2 showed also an interesting metathesis reaction activity [395].  
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2.3.4. MTO-based catalyst 

As pointed-out above, the most widely used heterogeneous catalysts for metathesis 

reaction of bulky functionalized olefins were Re2O7 supported on alumina and silica-

alumina materials [389, 396].  However these catalysts are often susceptible to 

deactivation and require the use of toxic tin-based promoters and additives such as 

Bu4Sn to increase the catalyst reactivity. The presence of tin also hinders the catalyst 

regeneration due to the deposed SnO2 species on the catalyst surface, formed during 

each recycling process, which reacts with the active Re oxide and poison the catalyst 

[388]. Thus, owing to these limitations of Re2O7-based heterogeneous catalysts, the 

need for alternative approaches without using toxic molecules arises. 

2.3.4.1. Organorhenium-based catalysts 
The development of new organorhenium catalysts and the investigation of their activity is 

still underway; e.g. (pentamethylcyclopentadienyl) trioxorhenium (VII) 2 [373], 

(cyclopentadienyl) trioxorhenium (VII) 3 [397] and   phenyl trioxorhenium (VII) 4 [373] 

were also reported as potential catalytic systems (Scheme 5). 

Methyltrioxorhenium (VII) 1 (MTO) (Scheme 5) has been synthesized from Re2O7, as 

described in the pioneering work of Beattie et al. [398-400] MTO 1 is highly active not 

only for olefin metathesis reaction [35], but also for Diels-Alder cycloaddition, aromatic 

oxidation, olefin epoxidation, Baeyer-Villiger oxidation [373], dehydration, amination, and 

disproportionation of alcohols [401]. MTO exhibits excellent activities for metathesis 

reactions [34], due to its steric accessibility with a low coordination number and small 

ligands, a strong metal-carbon bond, as well as a pronounced Lewis acidity at the Re(VII) 

metal center. Moreover, in addition to the stability in air and with acids, MTO is 

characterized by a high thermal stability which is maintained even far above its melting 

point (m.p. 106°C). MTO is also soluble in all organic solvents and water without 

decomposition [36, 402].  

On the other hand,  (Cyclopentadienyl)trioxorhenium(VII) CpReO3 3 suffers greatly from 

the lability of the Cp-Re bond under oxidative conditions and in the presence of electron 

donor ligands or donor solvents leading to instable adducts [397]. Similarly, other 

trioxorhenium-based compounds such as (Pentamethyl cyclopentadienyl) 
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metathesis reaction selectivity is observed compared to the homogeneous approach in order 

to minimize the [1, 2] interactions (Scheme 8b) [413].  

Furthermore, MTO-based catalysts have been proved to be highly active with many bulky 

functionalized olefins without the use of toxic promoters.[36, 408, 412, 414] Mandelli et al. 

[391] reported a successful methyl oleate self-metathesis over MTO/SiO2-A12O3 reaching 

good conversions of 66%. Salameh et al. [413] reported that MTO supported on Al2O3 is 

also efficient catalyst for bulky functionalized olefin metathesis reaction (e.g. ethyl oleate). 

Thus, after numerous optimizations and the use of a series of catalytic supports for the 

heterogeneous MTO-based catalyst, alumina was found to be the most suitable support. 

The alumina support exhibits better catalytic performance than several other materials 

including; niobia, titania, alumino-silicate, etc. Recently, a successful methyl oleate self-

metathesis over MTO supported on ZnCl2-modified wormhole-like mesoporous alumina 

exhibiting higher metathesis reaction activity comparing to unmodified alumina supports 

was reported [430, 431], reaching higher methyl oleate conversion (up to 91%, 52% of 

desired metathesis reaction products selectivity). Using the same catalytic system 

(MTO/ZnCl2-Al2O3), a successful selective triolein self-metathesis a bulky triglyceride 

ester was also recently reported [432].  

2.3.5. Green olefin metathesis 

Olefin metathesis is “a great step forward for green chemistry” and for a sustainable 

technology and industry [433], where two carbon-carbon double bond attached-substituents 

are exchanged producing new molecules while atom economy concept is really established. 

In addition, catalytic metathesis reaction process in its basis respects fully the remaining 

green chemistry principles including preventing wastes, generating degradable and less 

hazardous substances with less side products, in a safe process using safer chemicals and 

renewable feedstock if possible under mild conditions at ambient temperature and pressure 

with an efficient energy consumption [434].  

2.3.5.1. Microwave-assisted metathesis reaction 
Since the first application of microwave technology in organic synthesis in 1986 [435, 

436], enormous attention was gained in this field as one of the green chemistry aspects. 

Several papers have been reported demonstrating that microwave heating is highly 
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beneficial for catalyzed metathesis reaction over conventional heating not only by a fast 

heating reducing dramatically the reaction time, but also enhancing the metathesis reaction 

rate, the catalyst stability which increase its life time, especially for thermally sensitive 

catalysts by eliminating the wall effect [437, 438]. The microwave heating is an eco-

compatible approach due to the efficient energy consumption as well as direct and effective 

heat transfer to the substrates. 

2.3.5.2. Metathesis reaction in ionic liquids media 
In a green perspective, many papers recently described metathesis reaction in ecofriendly 

green solvents, particularly in aqueous media [439]. However, this cannot be successfully 

generalized due to the insolubility of some homogeneous catalysts in water and also the 

higher sensitivity of other homogeneous/heterogeneous catalysts to moisture. Therefore, a 

great attention was focused on using ionic liquids as green metathesis reaction solvents 

[440, 441]. Ionic liquids are liquid salts having low melting points, called also ionic fluids. 

The gained interest was as a result of their remarkable properties [442]; ionic liquids are 

highly stable allowing a safe storage even for a long period without decomposition, they 

allow a safer synthesis having no vapor pressure which resolves greatly the issues related to 

volatile organic solvents, possessing good thermal stability which is beneficial when high 

reaction temperature is required. Moreover, due to their high polarity, ionic liquids absorb 

effectively microwave energy via an ionic conduction mechanism [443-447], which makes 

their combination with microwave heating highly potential for enhancing many synthetic 

applications [448-451]. Also, ionic liquids dissolve a wide range of organic, inorganic and 

organometallic compounds and gases (H2, CO, O2 and supercritical CO2). This property can 

easily be tuned using different cations and counteranions in the synthesis of ionic liquids. In 

addition, ionic liquids are beneficial for catalytic applications using metal complexes, 

enzymes and organic substrates with excellent performances, avoiding any coordination of 

these active species with ionic liquids that may decrease their reactivity. Several metathesis 

reaction applications were successfully carried out in ionic liquids media [452-457]. 

Furthermore, many homogeneous catalysts were efficiently immobilized on ionic liquids 

[262, 458-462]. Thurier et al. [463] reported a ruthenium-based catalyzed methyl oleate 

self-metathesis in ionic liquid media using [bmim][OTf], [bmim][NTf2] and 

[bdmim][NTf2] ionic liquids. 
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2.4. Application of catalytic metathesis reaction in oleochemistry 

2.4.1. Oleochemicals as starting materials 

The use of biomass as renewable starting materials for energy production, chemicals and 

materials manufacturing is a big step towards a sustainable development [464]. Plants oils 

are offering many alternatives for renewable energy [465, 466]. Vegetable oils represent 

nearly 80% of the global oil and fat production, while 20% only are from animal origin 

[467]. Oils and fats, mainly fatty acids and glycerides are the most abundant renewable 

starting materials [468-472], receiving a high attention in all fields of chemical industry. 

These starting materials can be readily used through various chemical conversions and 

catalytic transformations, becoming among the most interesting basic oleochemicals [471, 

473], due to the carboxy groups and the C-C double bonds functionalities. Several fatty 

acids are widely available [467], such as oleic [474], linoleic [475], linolenic [476], erucic 

[477], ricinoleic [478], petroselinic [479], calendic [480], α-eleostearic [481], santalbic 

[482] and vernolic [483] acids from sunflower, soybean, linseed, rape seed, castor oil, 

Coriandrum sativum, Calendula officinalis, tung oil, Santalum album (Linn.) and Vernonia 

galamensis, respectively.  

Polymer production is highly benefiting from naturally occurring oleochemicals resources 

[484], e.g. thermoplastic polyesters and polyurethanes were prepared from vegetable oils 

[485]. The synthesis of polymer precursors through catalytic transformations of natural oils 

is one of the interesting applications [486], and particularly, the synthesis of long-chain 

building blocks for polymers production [487]. For instance, oleic acid and undecylenic 

acid derivatives were efficiently used for the synthesis of several new semi-crystalline 

polyurethanes [488], while polyester precursors were produced using low value oleic and 

linoleic acids residues contained in a paper industry wastes [489].  

2.4.2. Catalytic metathesis reaction for oleochemicals conversion 

As mentioned above, renewable feedstock is the main supply for bioplastics synthesis, thus 

several bioresources were used for the synthesis of bio-polymers including proteins [490], 

starch and cellulose [491], as well as the valorization of fatty acid waste [492]. Therefore, 

oleochemicals are providing access to functionalized monomers which are gathering 

enormous attention. Catalysis is among several tools used for the valorization of such 
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2.4.3. Evolution of functionalized unsaturated fatty acid-derivatives metathesis 
reaction 

Many papers were published reporting on fatty acid esters metathesis reaction [496-499]. In 

the early 1970s, Van Dam et al. [500, 501] reported in their pioneering work a successful 

metathesis reaction of several long-chain unsaturated fatty acid esters substrates including; 

methyl oleate, methyl elaidate, methyl erucate, methyl undecenate, methyl linoleate and 

methyl linolenate over the tungsten hexachloride tetramethyltin (WCl6/Me4Sn) 

homogeneous catalyst. Table 3 summarizes some selected remarkable examples and the 

related catalytic systems. Several studies demonstrated a satisfactory metathesis reaction 

activity, while it has been proven that unsaturated fatty esters should be carrying at least 

one methylene group between the carboxylic group and the subjected C-C double bond to 

be able to undergo catalytic metathesis reaction [389]. 

Table 3: Selected fatty acid esters metathesis applications and the related catalytic systems 

Fatty acids derivatives 
metathesis 
 
 

Catalytic systems/conditions References 

Methyl oleate self-metathesis 
and cross-metathesis with E-
3-hexene 

Re2O7/Al2O3 and R4Sn (co-catalyst) with R: 
CH3, C2H5, C4H9, C6H11, C8H17, i-C3H7), or 
LiR4, Me3Al2Cl3 

Bosma et al. [389] 
Boelhouwer and Mol. 
[502] 

 
Methyl oleate self-metathesis 

WCl6/Me4Sn Verkuijlen et al. 
[503] 

Ethenolysis methyl linoleate  WCl6/Me4Sn in chlorobenzene at 30°C for 24h Faujan et al. [504] 
9-Decenyl acetate cross-
metathesis with 1-butene 

(CO)5W:CPh(OCH3)-SnCl4-SiCl4, for 2-4 h, at 
80-100 °C, in chlorobenzene or hexane 

Banasiak. [505] 

Ethyl oleate self-metathesis W(OAr)2Cl4 and R4M (R = Me, n-Bu; M = Sn, 
Pb) 

Quignard et al. [506, 
507] 

Methyl oleate self-metathesis W(CH-t-Bu)(N-2,6-C6H3-i-Pr2)[OCMe(CF3)2]2 
for 2-3 h at 25 °C 

Schaverien et al. 
[508] 

Methyl oleate self-metathesis Low-rhenium-loading catalysts Re2O7/Al2O3-
SnR4 (R = Me, Et, or Bu) and MoO3, V2O5, or 
WO3, at RT for 90 min. 

Xiaoding et al. [385, 
390] 

Methyl oleate self-metathesis Low-rhenium-loading catalysts Re2O7/SiO2-
Al2O3 and R4Sn or R4Pb, (R = alkyl), at RT for 
2h. 

Xiaoding and Mol. 
[383] 

Methyl oleate self-metathesis Low-loading Re2O7/Al2O3-B2O3 with R4M, (M = 
Sn or Pb, R = alkyl) catalysts 

Xiaoding et al. [384] 

 

A wide range of fatty acids and their derivatives were successfully subjected for metathesis 

reaction. For instance, methyl 10-undecenoate obtained from castor oil via pyrolysis was 
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investigated for self- and cross-metathesis reactions over ruthenium based metathesis 

catalysts [509]; methyl ricinoleate was also subjected to cross-metathesis with methyl 

acrylate with both Hoveyda-Grubbs’ (HG) and Zannan catalysts [510]. Similarly, methyl 

soyate was deeply investigated through metathesis reaction catalyzed by ruthenium 

Grubbs’ second generation catalyst [511]. Moreover, soy acids, soy methyl esters, rapeseed 

acids, tall acids and linseed acids were subjected to metathesis reaction over Grubbs’ 

catalyst under solvent-free conditions [512]. Furthermore, crude oil mixtures were treated 

under metathesis reaction conditions, e.g. crude palm oil ethenolysis in the presence of 

WCl6/Me4Sn [513]; single- and multiple-component sunflower oil fatty acid ester systems 

(palmitate, stearate , oleate , linoleate , arachidate and behenate) in the presence of the 

3wt% Re2O7/SiO2-Al2O3//Bu4Sn heterogeneous catalyst [514], and recently, self-metathesis 

of the unsaturated non-edible oil methyl esters of tobacco in the presence of Grubbs’ 

second generation catalyst [515].  

Several catalytic systems were hampered by olefins bearing functional groups due to the 

ability of these functionalities to interfere in different metathesis reaction stages. This 

resulted in a competition with the targeted olefin C=C double bond through complexation 

with the metal center or interaction with the co-catalyst, leading to poisoning of active 

catalytic species. In addition, polar groups (alcohols, acids, peroxides) could affect the 

active intermediate metallacyclobutane species, leading to their decomposition via a 

reductive elimination [496]. Moreover, by-products can be obtained with the WCl6/Me4Sn 

catalyst which can also undergo transesterification reaction when traces of alcohols are 

present in the reaction media, like in the case of palm oil crude mixture for instance [516, 

517]. Other heterogeneous supported catalytic systems were reported for metathesis 

reaction of fatty acids derivatives, like Mo(CO)6/Al2O3. This later is highly active at 50 °C, 

while higher temperatures are required to achieve good catalytic activity with several  other 

systems such as; WO3/Al2O3 (350 °C), WO3/SiO2 (400 °C), MoO3.CoO/AI2O3 (150 °C) 

[518], which is a major drawback. Noteworthy, several bromo- and choloro-alokoxy 

complexes W(OAr)2Cl4 (OAr = OC6H3Me2-2,6, OC6H2Me3-2,4,6, OC6H3Ph2-2,6, 

OC6H3Br2-2,6, OC6H3C12-2,6, or OC6H3F2-2,6), with MR4 (M = Sn, Pb; R = Me, n-Bu) as 

co-catalysts exhibit good activity with several functionalized cyclic and acyclic olefins 

[506, 507]. RuCl2(PPh)3 and RhCl(PPh)3 were also reported as efficient metathesis 
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catalysts, and they showed a low tolerance for functional groups. However, particular 

ligands and experimental conditions were required to improve their stability and functional 

groups tolerance, such as activation by oxygen [519-521].  

2.4.4. Methyl oleate metathesis reaction 

Methyl oleate is one of the most interesting fatty acid esters that have been widely studied 

in catalysis trough various transformations including hydroformylation [522], oxidative 

cleavage [523], alkoxycarbonylation [524], etc. Methyl oleate was extensively used as a 

model molecule for metathesis reaction of bulky functionalized olefins. Herein we are 

reviewing a series of catalytic systems previously developed for methyl oleate metathesis 

reaction, for both self-metathesis (Table 4) and cross-metathesis (Table 5), mostly 

ethenolysis. 

In some cases, methyl oleate cross-metathesis with several alkenes afforded the 

thermodynamic self-metathesis products via a side reaction in addition to the kinetic cross-

metathesis products, like those reported for methyl oleate ethenolysis catalyzed by different 

N-heterocyclic carbene-based ruthenium catalysts [525].  

Methyl oleate self-metathesis was widely investigated in the presence of homogeneous 

Grubbs’ catalyst [526-530], and other homogeneous ruthenium-based catalysts [463, 531-

535]. Other catalytic systems like K2[ReCl6] /SiO2.Al2O3 or [ReClx(OR)y]n/SiO2.Al2O3were 

successfully developed with a high metathesis reaction activity even with bulky 

functionalized olefins such methyl oleate [536]. However, further activations were always 

required for those catalysts. For instance, thermal activation of these catalysts under 

nitrogen is one of the major drawbacks, due to the high temperatures required for activation 

up to 300-360 °C [536]. Catalytic promoters also were required with different indenylidene 

type Ru catalysts, it has been reported that tetrafluoro-1,4-benzoquinone is a beneficial 

additive to achieve high conversion and selectivity for both methyl oleate self-metathesis 

and cross-metathesis with (Z)-2-butene-1,4-diol diacetate [537].  
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Table 4: Catalytic systems used for methyl oleate self-metathesis 

Catalytic system 
 
 

References 

2 wt.% Re2O7/7.5 wt.% B2O3/SiO2-Al2O3 + Bu4Sn (co-catalyst) Rodella et al. [538] 
3% Re2O7/SiO2.Al2O3 + Et4Sn (co-catalyst) Sibeijn and Mol [539].  
0.43-6.0 wt.% silica-supported Hoveyda-Grubbs (HG) complex catalysts 
(HG/SiO2) 

Zelin et al. [540] 

WCl6-Me4Sn Verkuijlen et al. [503] 
WCl6-Me4Sn or Re2O7/Al2O3-Me4Sn Kohashi and Foglia 

[389, 500, 541, 542].  
W(CH-t-Bu)(N-2,6-C6H3-i-Pr2)[OCMe(CF3)2]2 for 2-3 h at 25 °C Schaverien et al. [508] 
Low-rhenium-loading catalysts Re2O7/Al2O3- R4Sn (R = Me, Et, or Bu) and 
MoO3, V2O5, or WO3 at RT for 90 min. 

Xiaoding et al. [385, 
390] 

Low-rhenium-loading catalysts Re2O7/SiO2.Al2O3 and R4Sn or R4Pb, (R = 
alkyl), at RT for 2h. 

Xiaoding and Mol 
[383].  

Boron added Low-loading Re2O7/Al2O3.B2O3 + R4M, (M = Sn or Pb, R = 
alkyl) catalysts 

Xiaoding et al. [384] 
Rodella and Buffon 
[538, 543].  

K2[ReCl6] /SiO2.Al2O3 or [ReClx(OR)y]n/SiO2-Al2O3 Brégeault et al. [536] 
Laser-photoreduced supported MoO3/SiO2 and MoO3/SiO2.Al2O3 catalysts, 
activated at 500 °C under oxygen flow 

Mol [544].  

Phoban-indenylidene ruthenium complex [(PhobCy)2Cl2Ru=C15H10] Forman et al. [545] 
2 wt.% Re2O7 supported on SiO2-Al2O3 or B2O3/SiO2-Al2O3 with R4Ge, R4Si, 
R3GeH or R3SiH (R= Me, Et, Bu) as promoters 

Buffon et al. [392] 

RuCl3 or RuBr3 hydrate, a phosphine, and an alkyne 
RuX3 hydrate, PCy3, and 2-butyne-1,4-diol diacetate (BDD) catalyst (X: Cl or 
Br) 

Nubel and Hunt [546].  

Re alkylidene complex supported on silica 
[(=SiO)Re(CH2tBu)(=CHtBu)(≡CtBu)] 

Chabanas et al. [547] 

Silica supported Ru complexes with the H2ITap ligand (1,3-bis(2’,6’-dimethyl-
4’dimethyl aminophenyl)-4,5-dihydroimidazol-2-ylidene) 

Cabrera et al. [548] 

Magnetic nanoparticles-supported second generation Hoveyda-Grubbs’ (HG-
II) catalyst, loading of 0.28 mmol ruthenium/g (magnetic support) 

Yinghuai et al. [549] 

Biphasic liquid-liquid supported Grubbs’ and Grubbs-Hoveyda (HG) catalyst; 
ionic Ru–alkylidenes [Ru[(4-CO2)(1-CH3)Py+)]2(IMesH2)(=CH-2-(2-PrO)-
C6H4)][OTf-]2 and [RuCl[(4-CO2)(1-CH3)Py+)](IMesH2)(=CH-2-(2-PrO)-
C6H4)][OTf−]; (IMesH2: 1,3-dimesitylimidazolin-2-ylidene, Py: pyridine, OTf-: 
triflate), also using monolith-supported ionic liquids 

Autenrieth et al. [550, 
551] 

BMIM·NTf2 and OMIM·NTf2 ionic liquid-tagged ruthenium-based catalyst 
with continuous super critical CO2 flow as a carrier 

Duque et al. [552] 

Phosphine and pyridine linked mesoporous molecular sieves (SBA-15 and 
MCM-41) immobilized Grubbs’ catalysts 

Bek et al. [553] 

Hoveyda-Grubbs (HG) immobilized on mesoporous molecular Sieves (SBA-
15 and MCM-41) 

Balcar et al. [554] 

A series of indenylidene type Ru catalysts Kajetanowicz et al. 
[537] 
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Table 5: Catalytic systems used for methyl oleate cross-metathesis 

Catalytic system 
 

Olefins References 

Ruthenium-based Grubbs’ second-generation catalysts Ethyl acrylate Abbas and Slugovc 
[555].  

Grubbs’ 1st generation catalyst cis-2-butene-1,4-
diyl diacetate 

Behr and Gomes 
[556].  
Burdett et al. [527] 

Re2O7/Al2O3 and R4Sn (co-catalyst) with R: CH3, C2H5, 
C4H9, C6H11, C8H17, i-C3H7), or LiR4, Me3Al2Cl3 

E-3-hexene Bosma et al. [389] 
Boelhouwer and Mol 
[502].  

18% Re2O7/Al2O3 + Bu4Sn  (co-catalyst) Ethene Sibeijn and Mol [557].  
N-heterocyclic carbene-based ruthenium catalysts Ethene Schrodi el al. [525] 
First generation Hoveyda catalyst Ethene Miao et al. [558] 
Magnetic nanoparticles supported second generation 
Hoveyda- Grubbs (HG) catalyst, loading of 0.28 mmol 
ruthenium/g (magnetic support) 

Methyl acrylate Yinghuai et al. [549] 

Ruthenium-based homogeneous catalysts Ethyl acrylate Abbas and Slugovc 
[555].  

Grubbs’ catalysts homogeneous catalysts Ethene, propene, 
butane or octane 

Nickel et al. [529] 

Ruthenium-based homogeneous catalysts Ethene Kadyrov et al. [531] 
N-heterocyclic carbene (NHC) ruthenium-based 
homogeneous metathesis catalysts 

Ethene Thomas et al. [559] 

Cyclic (alkyl)(amino)carbenes (CAACs) ruthenium-
based homogeneous  metathesis catalysts 

Ethene  Anderson et al. [560] 

BMIM·NTf2 and OMIM·NTf2 ionic liquid-tagged 
ruthenium-based catalyst with continuous super critical 
CO2 flow as a carrier. 

Dimethyl maleate Duque et al. [552] 

Imido alkylidene monoaryloxide-pyrrolide (MAP) 
molybdenum complexes 

Ethene Marinescu et al. [561] 

Ruthenium-benzylidene olefin metathesis homogeneous 
catalysts 

2-Butene Patel et al. [534] 

Ruthenium-based homogeneous catalyst in a microfluidic 
designed dual-phase  

Ethene Park et al. [562] 

Hoveyda-Grubbs’ Catalyst 2nd generation (HG-II), 
Grubbs’ catalyst 1st generation and 2nd generation 
ruthenium-based homogeneous metathesis catalysts. 

Methyl acrylate Rybak and Meier 
[563].  
 

A series of indenylidene type Ru catalysts (Z)-2-butene-1,4-
diol diacetate 

Kajetanowicz et al. 
[537] 

Ruthenium-based homogeneous catalysts trans-stilbene, 
styrene, methyl 
cinnamate and 
hexen-3-ol 

Doll. [564] 

Silica-ionic liquid-tagged Grubbs' first generation 
catalyst 

Ethene Aydos et al. [565] 

 

As discussed in the upper section, most of the developed homogeneous and heterogeneous 

catalyst presents major and critical drawbacks. As a result, many papers were reported 

describing methyl oleate metathesis over supported active homogeneous catalysts 

attempting to combine both homogeneous and heterogeneous catalysts advantages. For 
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Through this metathesis reaction process, these renewable feedstock will be converted to 

value-added chemicals (functionalized monomers for bioplastic production), thus lowering 

their synthesis process by using such low-cost starting material. On the other hand, we are 

contributing in waste valorization and reducing these environmentally hazardous disposals, 

resolving a serious issue related to their management. It is important to mention that oleic 

acid is found at considerable amounts in industrial wastewater [568, 569].  

2.5. Organized mesoporous materials: well-ordered hexagonal 
mesoporous alumina, synthesis, application and opportunities 

2.5.1. Ordered materials in heterogeneous catalysis 

Ordered materials attracted an enormous attention of many research groups focusing 

on the enhancement of several heterogeneous catalysts activities and selectivity. This 

was carried out by the improvement of the surface organization and porous network 

uniformity of these materials [570-576]. These textural aspects offered advantageous 

alternatives towards desired shape-selective catalysis which are governed by mass 

transfer phenomena. These phenomena can be tuned by controlling the porosity and 

the surface homogeneity [577]. Moreover, this key point is more critical when 

selectivity is an issue, dealing with bulky functionalized molecules that undergo both 

intra- and inter-molecular reactions. Despite the increasing progress that has been 

achieved since the first synthesis of hexagonally ordered mesoporous silica [578-

580], the synthesis of ordered materials for catalytic applications still remains as a 

hot research topic. Indeed, various organized mesoporous  siliceous and non-

siliceous materials were targeted, among them; cubic MCM-41 and MCM-48 [581], 

SBA-15 [580] and KIT-6 [582], in addition to ordered mesoporous carbon (CMK-1 

and CMK-3) [583, 584], niobia [585, 586], titania [586], zirconia [586], tantalum 

oxide[587] and other several non-siliceous interesting ordered mesoporous metal 

oxides [588] and hybrid materials [589].  

2.5.2. Wormhole-like alumina vs. well-ordered hexagonal mesoporous alumina 

Mesoporous molecular sieves based catalysts are now widely used for olefin metathesis 

[590]. Among these mesoporous materials, alumina exhibited great performances. For 

instance, alumina structure is more complicated than silica for example. Aluminum atoms 
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are present in different coordination state (from 3 to 6). Generally they are either in a 

tetrahedral (25%) or an octahedral (75%) geometry, which is the origin of the variety in the 

Lewis acid sites strengths. In addition to the aluminum surface sites, surface hydroxyl 

groups also exist [424]. Recently, Pillai et al. [430, 431] reported an efficient methyl oleate 

self-metathesis over MTO supported on ZnCl2-modified mesoporous alumina, using an 

amorphous conventional alumina with a wormhole-like structure. This catalyst support was 

found to be a suitable carrier for metathesis reaction activity. However, there is still a room 

for further improvement of the MTO-based catalyst performance. Thus, an enhanced 

catalyst design is required. Several papers described the beneficial role of the organized 

mesoporous alumina support over conventional (disordered) alumina in the presence of 

Re2O7 for simple olefin metathesis [591-593]. This enhancement of the activity was 

attributed mainly the higher BET surface area, while the selectivity was attributed to the 

uniform and regular pore size distribution and total pore volumes throughout the material.  

Few reports are found describing the preparation of ordered mesoporous alumina using 

distinct aluminum precursors and templating agents, as well as different conditions for 

thermal treatment to get the final material. Table 6 summarizes all the procedures reported 

previously for the preparation of ordered mesoporous alumina. Ordered mesoporous 

alumina (OMA) has been one of the challenging non-siliceous organized materials to 

synthesize [594, 595]. Niesz et al .[596] reported a Pluronic P123-templated sol-gel 

synthesis of OMA where the synthesis was performed at 40 °C affording high BET surface 

and narrow pore size distribution. Liu et al. [597] reported a nanocasting synthesis 

templated by mesoporous CMK-3 carbon. A Pluronic F127-templated synthesis of OMA 

was also reported by Yuan et al. [598] Recently, Wu et al. [599] reported an efficient OMA 

synthesis using inexpensive aluminum nitrate at 30 °C. OMA with relatively large 

mesopores have been obtained using a swelling agent in a Pluronic P123-templated 

synthesis. Along with high surface area and pore size, as well as uniform mesoporous 

network, great efforts have also been focused on achieving thermally and hydrothermally 

stable crystalline framework walls of OMA [573, 597, 598].  Moreover this feature can help 

the material to maintain large surface area even after thermal treatment at high temperatures 

[600].  
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Table 6: Previously reported procedures for the preparation of ordered mesoporous 

alumina materials 

Aluminum 
Precursor 
 

Templating 
agent 

Calcination 
conditionsa 

BETb 
(m2/g) 

PV
c 

(cm3 g-1) 
DBJH

d 
(nm) 

References 

Aluminum sec-
butoxide 

Lauric acid 703/0.5/1.5 
(N2/Air) 

710 0.41 1.9 Vaudry et al. 
[601] 

Aluminum sec-
butoxide 

Stearic acid 420/5/6 
(Air) 

488 0.53 3.4 Cejka et al. 
[602] 

Aluminum 
isopropoxide 

Pluronic P123 400/1/4 
(Air) 

520 0.82 4.9 Huang et al. 
[600] 

Aluminum sec-
butoxide 

Pluronic PE 
9400 or 10400 

450/1/6 
(Air) 

400 0.63 3.5 Balcar et al. 
[592] 

Aluminum tri-tert-
butoxide 

Pluronic P123 400/1.5/4 
(O2) 

410 0.80 6.7 Niesz et al. 
[596] 

Aluminum 
isopropoxide 

Pluronic P123 400/1/4 
(Air) 

530 0.59 6.3 Cai et al. [603] 

Aluminum nitrate 
nonahydrate 

Pluronic P123 400/1/4 
(Air) 

307 0.45 11.1 Cai et al. [603] 

Aluminum 
isopropoxide 

Pluronic P123 600/0.4/3 
(O2) 

259 0.54 5.8 Dacquin et al. 
[604] 

Aluminum 
isopropoxide 

Pluronic F127 400/1/4 
(Air) 

480 0.68 9.8 Yuan et al. 
[598] 

Aluminum 
isopropoxide 

Pluronic F127 400/1/4 
(Air) 

338 0.39 6.9 Grant et al. 
[605] 

Aluminum 
isopropoxide 

Pluronic F127 550/1/5 
(Air) 

252 0.56 9.2 Wang et al. 
[606] 

Aluminum 
isopropoxide 

Pluronic P123 500/1/4 
(Air) 

344 0.50 5.0 Wu et al. [599] 

Aluminum 
isopropoxide 

Pluronic P123 700/1/4 
(Air) 

292 0.62 9.06 Morris et al. 
[607] 

Aluminum 
isopropoxide 

Pluronic P123 550/1/4 
(Air) 

300 0.40 3.5 Li et al. [608] 

Aluminum sec-
butoxide 

Stearic acid 410/0.5/2 
(N2) 
420/0.5/9 
(Air) 

758 0.68 3.7 Cejka et al. 
[609] 

Aluminum 
isopropoxide 

Pluronic P123 700/1/4 
(Air) 

307 0.75 9.5 Yuan et al. 
[610] 

Aluminum 
isopropoxide 

Pluronic P123 400/1/4 
(Air) 

351 0.94 10.0 Jaroniec and 
Fulvio [611] 

Aluminum nitrate 
nonahydrate 

Functionalized 
mesoporous 
carbon (FMC) 

600/1/5 (N2) 332 0.84   8.0 Wu et al. [612] 

Aluminum nitrate 
nonahydrate 

ordered 
mesoporous 
carbon CMK-
3 

450/2/4 
550/2/3 

396  0.46 4.6 Liu et al. [613] 

aExpressed as calcination temperature (°C)/temperature ramp (°C/min)/calcinations time 

(h).bBET surface area, cpore volume, and dpore size distribution 
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In order to establish a versatile and cost-effective preparation of OMA materials, 

many approaches have been investigated. These studies revealed the importance of 

many key-control factors in order to overcome limitations over ordered mesoporous 

network formation. Therefore, the effect of inorganic precursors-template ratio was 

investigated [577]. Furthermore, many process parameters were deeply investigated 

and among them, the complexation effect of anions and hydro-carboxylic acid and 

organic-inorganic interface protectors and template-assistants during aging process 

[600, 614-616], synthetic routes [617], swelling agents and co-solvents,[618] salt-

like effect of water and acid concentration [619], the pH of the synthesis medium 

and nature of pH adjustor [605], as well as the calcination temperature [610].  

2.5.3. Organized mesoporous alumina modification 

It has been demonstrated recently that ZnCl2-modified wormhole-like mesoporous alumina 

exhibited higher metathesis reaction activity as compared to alumina supports [430-432]. 

Similarly, the targeted organized mesoporous alumina needs to be modified using ZnCl2. 

The particular acidic properties of the alumina surface attributed to Lewis-acid aluminum 

species and Brønsted-acid hydroxyl groups, promoted significantly the incorporation of 

several metals and other metal oxides on alumina. Frequently, OMA modification and 

synthesis under high thermal conditions led to partial or complete loss of the mesoporous 

hexagonal arrangement [607]. Therefore, doping metals and metal oxides on OMA and 

preserving the well-ordered 2D-hexagonal mesostructure is a challenging procedure. In this 

perspective, various elements were supported on OMA and simultaneously maintaining the 

organized structure. For instance, Ni, Mg, Fe, Cr, Cu, Ce, La, Y, Ca and Sn were 

successfully supported on OMA [603, 607]. Si-, Ce-, and Zr-doped OMA [620], Ce-Zr-Co-

doped OMA [621, 622], Cu/Ce-OMA [623], La-doped OMA [624] and noble metals-doped 

OMA (Pt, Ag and Pd) [625] were also prepared. Similarly, OMA-supported metal oxides 

such as; MgO, CaO, TiO2, and Cr2O3 [607] and ordered titania-alumina mixed oxides [626] 

were also obtained. In addition, to prevent OMA collapse, the metal-modified OMA were 

obtained with uniform metal dispersion. These materials presented high catalytic activities 

for various reactions including carbon dioxide reforming of methane [627], hydrogen 

production [628], CO oxidation [625], thiophene hydrodesulfurization [629] and methanol 

dehydration [630]. Metathesis reaction could be one of these applications that can benefit 
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from the ordered mesostructure network of alumina and modified-alumina, especially when 

trans- or cis-selectivity is critical and highly desired.  

2.5.4. ZnCl2 incorporation on alumina, surface acidity and metathesis reaction 
activity 

Oikawa et al. [631] demonstrated in their pioneering work that the aluminum Lewis acidic 

sites are more involved in MTO/Al2O3 catalyst activation than the Brønsted hydroxyl acidic 

sites. These findings led to many attempts towards the enhancement of surface Lewis 

acidity. Several metallic precursors were investigated for their acidity, e.g. Ga, Mg, Mn, 

and Zn-based halides, and the overall results showed greater improvements with Zn-based 

promoters [430]. Furthermore, many zinc-based promoters were tested for this purpose; e.g. 

ZnCl2, ZnBr2, and Zn(NO3)2 [631] as well as ZnI2 [631], and the highest activity was 

observed with the chlorine-based zinc precursor (ZnCl2) for methyl oleate [430] and methyl 

10-undecenoate metathesis reaction [631]. This could be explained by the highest chlorine 

electronegativity; Cl (3.16) ˃ Br (2.96) ˃ I (2.66) which leads to the lower polarizability of 

the Zn-Cl bond easing its insertion on the alumina surface matrix via interaction with 

surface hydroxyl groups. This phenomena is supported by the XPS data proving the 

presence of Zn-Cl and mostly the Cl-Zn-Cl species after incorporation, which are 

coordinated to basic terminal hydroxyl groups of alumina [430] that are bonded to 

tetrahedral and octahedral Al sites. In alumina surface, terminal hydroxyl groups are highly 

mobile [632] and more reactive [633], thus they will be neutralized completely after ZnCl2 

incorporation as indicated in 1H MAS NMR [430, 431, 634] and IR [634] spectra. 

However, coordination of zinc atoms with acidic bridging hydroxyl groups is not 

completely excluded. XPS results are in agreement with elemental analysis of ZnCl2-

modified alumina with different Al/Zn ratio, where Cl/Zn molar ratios lower than 2 were 

observed [634]. In contrast with ZnCl2 modified zeolite [635-637], it is important to point 

out that alumina surface is carrying different types of hydroxyl groups according to the 

attribution of Knözinger and Ratnasamy [638]. The most probable species are Al-O-Zn-Cl 

[431] with HCl elimination due to a minor neutralized amount of bridging hydroxyl groups 

[634] (Scheme 10), also O-Al-Zn-Cl species may be present on the surface (Scheme 10). 

Besides that, EXAFS spectrum showed the presence of tetrahedral Zn species [634] which 

could be attributed to OZnCl2Al bonding. Further investigation of pH changing through 
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results obtained for this two-steps procedure (i.e. preparation then functionalization) 

revealed a major drawback of this strategy; a decreased specific surface area was observed 

after functionalization which is due to the effect of the pore filling and the second 

calcination process. This is a considerable issue, knowing that in heterogeneous catalysis it 

is widely established that the catalytic performance is usually proportional to the specific 

surface area [639-642], affecting mainly the chemisorption rate of substrates and active 

intermediates [643], as well as the loading and dispersion of supported active species [644]. 

Therefore, an urgent solution is required to overcome these issues. 

2.6.1. One-pot and multicomponents synthesis: from organic synthesis to materials 
chemistry 

One-pot and multicomponents synthesis were found to be highly efficient, particularly in 

organic synthesis, enabling fascinating simultaneous or cascade transformations in a very 

impressive order. These synthesis fashions were greatly enhanced through studying and 

controlling parallel and competitive reactions. In organic synthesis, these reactions were 

proven to exhibit a remarkable selectivity upon varying substrates substituents (i.e. 

electrophile type and/or nucleophile strength), reaction media and other experimental 

conditions which offer an outstanding control over the reactivity of the reaction mixture 

constituents. In addition to avoiding laborious and complex synthesis process, these 

strategies are considered as green alternatives to conventional synthesis [645-647], 

allowing fast synthesis without the need to isolate intermediates (extraction and 

purification) while reducing the amount of generated hazardous by-products and the use of 

harmful solvents as well as reducing the energy consumption for the overall synthesis (e.g. 

heating source, stirring, etc.). Furthermore, these methodologies can dramatically reduce 

the costs of starting materials and the use of manpower, offering access to value-added 

products often with challenging structural diversity and complexity trough simple process 

[648]. These features make these green strategies an important element in the synthetic 

chemist's toolbox for the design of environmentally-benign and sustainable chemical 

processes. 

Similarly, this green technology can be transferred to the chemistry of materials; the 

preparation of functionalized materials often requires laborious multistep synthesis 
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procedures, including multiple filtration, evaporation and calcination processes. Therefore, 

these conventional strategies are usually required for better control over the final materials 

shape, size and other properties, as well as to ensure to synthesis reproducibility. However, 

these protocols clearly present many drawbacks such as time consuming synthesis, lower 

production yields, and inefficient energy consumption. All these disadvantages may hinder 

the scalability of these materials synthesis and delay exploring further possible catalytic 

applications. Synthesis of modified catalyst supports are among the materials suffering 

from these laborious strategies, for instance, as mentioned above, ZnCl2-modified 

mesoporous alumina. Conventionally, these modified catalysts supports require at least two 

preparation steps, first the support synthesis and second the modification of the support 

either by doping or functionalizing the surface sites. 

The ideal desired synthetic strategy consists on gathering all the preparation steps in a 

single one. Therefore, during the last twenty-five years, functionalized and composite 

materials one-pot synthetic fashion has emerged (e.g. Ag@TiO2 synthesis) [649]. During 

the last ten years, this methodology gathered a constant increasing attention. Interestingly, 

similar modified and composite materials were obtained with enhanced yields and 

properties using single-step synthesis instead of multistep procedures (e.g. graphene-CdS 

[650], AgI/BiOI [651], Zn-doped SnO2 [652], Au@TiO2, Au@ZrO2, Ag@TiO2, and 

Ag@ZrO2 [653], Ag@AgCl [654], Au@PtCu [655], Au/N-TiO2 [656], etc.). This 

methodology offers numerous features including shortening the synthesis time, improving 

the products yields and reducing the work out related to each step. In addition, great energy 

economy is offered by eliminating multiple thermal treatments especially when higher 

temperatures are required (hydrothermal synthesis, calcination steps, etc.). Furthermore, the 

consumption of large amount of reagents, solvents and synthetic gases is minimized. 

Overall, these features allow establishing a cost-effective production of useful functional 

materials and easing their reproducibility and scalability. Despite all these advantages, one-

pot synthesis is often difficult to control and deeper investigations are usually required to 

help predicting the pathway of the formed materials. This is mainly due to the complexity 

of molecular interactions and behaviors of the introduced compounds in the same reaction 

mixture which can trigger several simultaneous mechanistic pathways. 
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2.6.2. Mesoporous alumina synthesis and challenges 

Among several functionalized supports, modified mesoporous alumina exhibited high 

catalytic activity for metathesis reaction as it was recently reported for methyl oleate and 

triolein self-metathesis [430-432]. Moreover, several metal halides MXy (M = Ca, Mg, Ga, 

Zn, Mn; X = Cl, Br, and I; y = 2 or 3) and zinc nitrate Zn(NO3)2 were screened as 

promoters for the alumina support [430, 631]. However, ZnCl2 exhibited the best catalytic 

performance as promoter for the MTO-based catalyst [430]. More recently, a successful 

synthesis and ZnCl2 incorporation on hexagonal well-ordered mesoporous alumina (OMA, 

p6mm symmetry) with a uniform cylindrical porous network was reported [657]. This well-

organized support was found to be an effective alternative to the conventional wormhole-

like mesoporous alumina support. Thus, faster kinetics and enhanced conversion and 

selectivity were reached, mainly due to improved diffusion and mass transfer phenomena 

through the well structured mesoporous channels of the OMA support [657].  

However, the synthesis of this catalyst support is usually performed via a two steps process. 

First, mesoporous alumina is prepared via a long sol-gel reaction (up to 20 h), then the solid 

product is filtered, washed, dried and finally calcined at 400 °C [430-432]. Consequently, 

in a second step the synthesized mesoporous alumina is modified using ZnCl2 at room 

temperature. The mixture is allowed to dry after 24 h and then calcined again at 400 °C 

[430-432]. Afterwards, an enhanced synthesis of this catalyst support via a rapid and simple 

synthesis of organized mesoporous alumina (OMA) was reported [657, 658]. This, 

improvement brought us a step closer to more efficient synthesis. However, despite the 

progress made, this two steps synthesis is laborious and affects the physicochemical 

properties of the final materials as explained above. The double calcination process causes 

further dehydroxylation of the support and alters the surface area and the porosity of the 

prepared materials. In addition, small amount were obtained with a significant loss in the 

synthesis yield through the two steps synthesis steps. Therefore, several attempts to 

optimize the synthesis process were performed. 

In this study, the design of an efficient one-pot synthesis of well organized ZnCl2-modified 

OMA is attempted, by combining of the two steps in a single one to access to well-

organized materials with better features. The mesoporous network formation could be 



 

61 
 

achieved via an evaporation self-induced assembly sol gel process. The targeted materials 

will be thoroughly characterized and compared with their counterparts prepared via the two 

steps process. In addition to the possible enhanced physicochemical features of the one-pot 

synthesized materials, these materials will be tested for their catalytic activities in order to 

evaluate the benefits of these materials over those prepared via two-steps process. In this 

scope, MTO will be supported on the prepared well ordered zinc-doped mesoporous 

alumina. Self-metathesis reaction test will be performed using methyl oleate as model 

bulky functionalized olefinic substrate to produce value-added compounds from renewable 

biomass source and low cost raw materials. Similarly, the catalytic test result of the one-pot 

synthesized catalysts will be compared to those obtained using the two-steps prepared 

support.  

The expected improvements could be explained by the improvement of the mechanistic 

pathways of metathesis reaction. Since the Re atom center is impregnated on alumina 

surface through covalent oxo bonding with the aluminum Lewis acidic sites on the surface, 

the ZnCl2 incorporation on alumina increases the surface Lewis acidity by increasing the 

number of Lewis acidic sites. Thus, more loaded MTO molecules are coordinated 

(activated) which increase the metathesis reaction rate. In addition, zinc atoms may play a 

major role for metallic assistance in olefin drawing near the MTO carbenic active sites in 

alumina surface, this phenomenon is not excluded with aluminum atom centers (see 

Scheme 10). All this features including MTO loading, surface Lewis acid sites 

concentration are proportional to the specific surface area of the alumina support. Thus, the 

possible enhancement of the specific surface area through the on-pot process compared to 

the conventional procedure is expected to offer improved metathesis reaction activity. 

4.6.3. Applications and opportunities in materials chemistry and catalysis 

It is worth to mention that this rapid and simple process is greatly advantageous. The 

ZnCl2-modified alumina (and zeolite) is an interesting catalytic support showing excellent 

activities for other application besides metathesis reaction such as methyl chloride synthesis 

from methanol and hydrochloric acid [637, 659]. ZnCl2 impregnated on alumina and 

alumina-silica exhibits a remarkable performance for the catalytic alkylation of benzene 

with diethyl ether, ethyl and isopropyl alcohols [660-663]. Furthermore, metal halides and 
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particularly ZnCl2 supported on mesoporous materials are very active for other 

applications. For instance, mesoporous carbon nitride (ZnCl2/mp-C3N4) and doped 

graphitic carbon nitride (Zn-g-C3N4) demonstrated high performances in the catalytic 

cycloaddition of CO2 with propylene oxide to propylene carbonate [664], and 

transesterification of ethylene carbonate with methanol to dimethyl carbonate [665], 

respectively. Thus, the development of a reproducible well-designed strategy for the 

synthesis of such materials via a one-pot process will pave the way to generalize this 

methodology for the synthesis of other functionalized materials that are conventionally 

prepared through laborious multistep processes, especially doped or modified mesoporous 

materials that are widely used in catalysis, toward establishing efficient design of highly 

potential and sustainable heterogeneous catalysts. The efficiency of this rapid and low cost 

strategy could create new opportunities for large-scale synthesis of such important 

functional materials. 
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Chapter 3:  

Research hypothesis and project objectives 
 

3.1. Hypotheses 

3.1.1. Scope of the study 

In homogeneous catalytic systems, all metal centers contribute in the reaction mechanism, 

while heterogeneous catalytic pathways only involve the exposed atoms on external surface 

or inside the pores. These atoms are responsible for the interactions with substrate 

molecules on the solid-liquid catalysts' interface. The development of new generation of 

sustainable heterogeneous catalysts can be achieved through designing a catalytic system 

with well-defined and accessible surface active sites, which will lead to improved catalytic 

performance and allows establishing a clearer structure-activity relationship. This rational 

design may offer to numerous issues related to the catalyst activity and selectivity.  

Among catalytic transformations, olefin metathesis is highly dependent on the availability 

of the surface active sites. It is worth to mention that metal-based alkylidene surface sites 

interacts with the olefin's C=C bond leading to substituents rearrangement, where the 

double bond substituents are exchanged via olefin's C=C bond scission and the regeneration 

of a newly redistributed double bond (metathesis reaction products). 

Like other heterogeneous systems, metathesis catalysts (e.g. MTO-based catalysts) are 

facing similar activity-selectivity issues. In view of the reported literature, enhancing the 

reaction rate, conversion and selectivity of MTO-based catalysts are still challenging tasks. 

Therefore, the focus of this study is to design efficient MTO-based catalysts for the 

valorization of industrial vegetable wastes (unsaturated fatty acids). First, our approach 

consist on developing a green, reproducible and optimized strategy for the synthesis of 

highly organized mesoporous alumina and modified organized alumina (through two-steps 

and one-pot process) as suitable supports for MTO-based catalysts. This new catalyst 

design is aiming to improve the metathesis reaction rate, activity and selectivity of the 

MTO-based catalysts compared to the wormhole-like alumina-based catalyst (Pillai et al. 
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Appl. Catal., A, 2013, 455, 155-163, and Fuel, 2013, 110, 32-39) allowing much more 

efficient use of surface area. The OMA-based catalyst design may offer an enhanced 

metathesis reaction rate with improved mass transfer phenomena through well-arranged 

cylindrical pore channels with a uniform steric hindrance, as well as lowering the 

substrate/products residence time. Then based on shape-selective catalysis criteria using 

OMA support interconnected mesoporous network, this catalyst design is aiming to 

enhance the selectivity of methyl oleate self-metathesis towards desired metathesis reaction 

products (9-octadecene and dimethyl-9-octadecene-1,18-dioate) and reduce the production 

of unwanted metathesis reaction products (methyl elaidate). The functional group (e.g. 

carboxylic acid and ester groups) tolerance of these catalysts, make them suitable 

candidates for this application. Also, it may enhance the linkage between the MTO and the 

support which prevents desorption of the incorporated MTO molecules. 

Moreover, we aim to develop a new method for the synthesis of this ZnCl2-modified OMA 

supports through a one-pot process as a green chemistry approach, thus reducing the 

amount of hazardous chemicals used, energy consumption (e.g. stirring for synthesis, 

evaporation and calcination, etc.) as well as the preparation time and cost. Moreover, the 

materials prepared via one-pot approach are expected to have better textural properties (i.e. 

larger BET specific surface area and total pore volume) mainly due to reduced pore filling 

with ZnCl2 and calcination affects on the textural properties. In addition, avoiding an 

additional calcination step will prevent further dehydroxylation of the alumina supports 

surface, which will enhance the ZnCl2 incorporation as well as the MTO impregnation. 

These features will offer the new catalysts better performance compared to the supports 

prepared through the two-steps process. Overall, the design of well-defined MTO-based 

catalyst with improved surface sites accessibility and distribution will facilitate the study of 

the structure-activity relationship including mechanistic pathway of the methyl-oleate self 

metathesis reaction products formation as well as the catalytic cycle. 

In addition to the ecofriendly aspect of this catalyst design, this MTO-based catalyst will be 

used for unsaturated fatty acids (industrial wastes) valorization into highly desired chemical 

platforms and industrially important compounds. Methyl oleate self-metathesis products 

can be used as functionalized monomers for bio-based polymers production, especially, in 
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view of the current increasing attention around these biodegradable polymers towards 

reducing the environmental impact of the hazardous solid wastes generated from plastic 

disposal. In this scope, we propose the following hypothesis in order to overcome these 

issues by designing a new well-defined robust metathesis catalyst. 

3.1.2. Hypotheses of the study 
First hypothesis: Using ZnCl2-modified well-ordered hexagonal mesoporous alumina 

(ZnCl2-OMA) as catalytic supports for MTO improves the methyl oleate self- metathesis 

reaction rate, conversion and selectivity compared to wormhole-like alumina structure. 

Second hypothesis: Rapid and cost-effective one-pot synthesis of ZnCl2-modified OMA 

supports for MTO-based catalyst offers enhanced supports' features which will offer 

improved catalytic performance compared to the two-steps prepared ZnCl2-modified OMA 

supports. 

Third hypothesis: Experimental characterizations of metathesis reaction products and 

catalyst active sites lead to well-predicted structure-activity relationship including 

mechanistic pathway of the methyl-oleate self metathesis products formation as well as the 

catalytic cycle. 

3.2. Objectives 

3.2.1. General objective 

The main objective of this research project is to design a new metathesis reaction catalytic 

system based on MTO-based catalyst, aiming for enhanced metathesis reaction rate, 

conversion and selectivity, through a green approach. Its activity will be evaluated for 

methyl oleate self-metathesis to produce symmetrical monomers towards the production of 

biopolymers. 

3.2.2. Specific objectives 

In order to verify the formulated research hypotheses, the following objectives were set: 
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 Design and optimize the synthesis procedure of organized mesoporous alumina 

(OMA) by screening several precursors and starting materials, and verifying the 

procedure's reproducibility 

 Proceed to the spectroscopic investigation of the materials growth and formation 

mechanism 

 Perform the preparation of ZnCl2-modified OMA supports in a one-step process 

 Evaluate the organized structure stability upon incorporation of ZnCl2 for both 

approaches (two-steps and one-pot synthesis) 

 Evaluate both synthesized ZnCl2-modified OMA supports as catalytic supports of 

MTO-based catalysts for methyl oleate self-metathesis as a model bulky functionalized 

molecule 

 Propose a complete and detailed mechanism for the formation of each methyl oleate 

self-metathesis product as well as the complete catalytic cycle involved 

 Establish a comparative study between the performance of wormhole-like alumina-

based catalysts and both prepared OMA-based catalysts, as well as Grubbs 2nd 

generation catalyst, including the kinetic profiles (reaction rate), conversion, and 

selectivity towards desired metathesis reaction products 

 Characterize and study the textural and surface properties of the designed materials 

and catalysts in order to establish a structure-performance relationship (e.g. metathesis 

reaction products formation pathways, catalytic cycle, etc.) 

This new generation of heterogeneous catalysts will be used to produce functionalized 

symmetrical building blocks (metathesis reaction products) starting from renewable 

feedstock (vegetable oils), for the production of bio-based polymers (e.g. bioplastics, 

biosurfactants, etc.) of high performance, either by polymerization/functionalization of 

these monomers or by attaching them to readily available synthetic or natural polymers. 
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Résumé 
Une série d'alumines mésoporeuses hexagonales très ordonnées et d'alumines 

mésoporeuses modifiées avec du zinc ont été synthétisé par un procédé sol-gel au moyen 

d'un processus d'auto-assemblage induit par évaporation, utilisant du Pluronic F127 comme 

agent structurant non ionique et plusieurs précurseurs d'aluminium. Le processus a été 

réalisé par l'intermédiaire de plusieurs acides carboxyliques avec l'acide chlorhydrique dans 

l'éthanol comme solvant. L'imprégnation réussie de ZnCl2 a été réalisée tout en maintenant 

la structure ordonnée de l'alumine. Les propriétés de surface et de porosité des matériaux 

synthétisés ont été étudiées. La physisorption d'azote a révélé une surface spécifique BET 

de 394 m2 g-1 et un volume des pores d'environ 0,55 cm3 g-1. Les analyses DRX (diffraction 

des rayons X) aux petits angles ont montré la structure hexagonale bien organisée, même 

après l'incorporation de chlorure de zinc. L'arrangement organisé de la structure a été 

confirmé par microscopie électronique à transmission (MET). La composition Zn / Al des 

matériaux obtenus a été confirmée par analyse ADESF (Analyse Dispersive en Énergie par 

Spectrométrie de Fluorescence) et SPX (spectrométrie de photoélectrons induits par rayons 

X), et la quantité de zinc incorporée a été analysée par ICP (spectrométrie par torche à 

plasma). La modification de surface suite à l'imprégnation de chlorure de zinc a été 

analysée par SPX, RMN (résonnance magnétique nucléaire) en état solide (1H et 27Al) et 

IRTF (spectroscopie infrarouge à transformée de Fourier). Les effets des conditions de 

synthèse et le mécanisme de formation de la mésostructure ont été explorés. L'activité 

catalytique de plusieurs catalyseurs à base de méthyltrioxorhénium (MTO) supportés sur 

des matériaux d'alumines mésoporeuses hexagonales a été testée pour l'auto-métathèse de 

l'oléate de méthyle. Les résultats ont montré une amélioration de la cinétique de métathèse 

en utilisant l'alumine hexagonale par rapport à l'alumine conventionnelle. Ce comportement 

pourrait être attribué au transfert de masse amélioré à l'intérieur de l'alumine mésoporeuse 

hexagonale. Ces matériaux ont été préparés avec une taille des pores et une structure 

convenable, ce qui les rend des candidats appropriés pour d'autre applications comme 

supports catalytiques pour la métathèse d'oléfines fonctionnalisées plus encombrants et 

même d'autres transformations catalytiques, en raison de leur acidité de Lewis et leurs 

réseaux poreux uniformes qui conduisent a des sélectivité et des phénomènes de transfert 

de masse améliorés. 
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Abstract 
A series of highly ordered hexagonal mesoporous alumina and ZnCl2-modified OMA 

samples are synthesized via a sol-gel method through an evaporation-induced self-assembly 

(EISA) process using Pluronic F127 as nonionic templating agent and several aluminum 

precursors. The process was mediated using several carboxylic acids along with 

hydrochloric acid in ethanol. Successful impregnation of ZnCl2 was achieved while 

maintaining the ordered structure. The surface and poral properties of the materials were 

investigated. N2-physisorption analysis revealed a BET surface area of 394 m2 g−1 and a 

pore volume around 0.55 cm3 g−1. Moreover, small-angle XRD diffraction patterns 

highlighted the well-organized hexagonal structure even upon the incorporation of ZnCl2. 

The organized-structure arrangement was further confirmed by transmission electron 

microscopy (TEM) analysis. The Zn/Al composition of the final materials was confirmed 

by EDX and XPS analysis, and the zinc amount incorporated was analyzed by ICP. 

Furthermore, the surface modification via ZnCl2 impregnation was analyzed by XPS, 1H 

and 27Al MAS-NMR and FTIR spectroscopic techniques. In addition, the effects of 

synthesis conditions and the mechanism of the mesostructure formation were explored. The 

catalytic activity of several MTO-based catalyst supported on these hexagonal mesoporous 

alumina materials was tested for methyl oleate self-metathesis. The results showed 

improved kinetics using hexagonal alumina in comparison to those using wormhole-like 

alumina counterparts. This behavior could be attributed to better mass transfer features of 

hexagonal mesoporous alumina. The prepared materials with desirable pore size and 

structure are suitable candidates as catalyst supports for metathesis reaction of bulky 

functionalized olefins and other catalytic transformations due to their enhanced Lewis 

acidity and more uniform pore networks favoring enhanced and selective mass transfer 

phenomena. 

 

Keywords: 2D hexagonal ordered mesoporous alumina; sol-gel preparation; evaporation-

induced self-assembly; p6mm symmetry; metathesis reaction 
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4.1. Introduction 
Ordered materials attracted an enormous attention of many research groups focusing 

on the enhancement of several heterogeneous catalysts activities and selectivity. This 

was carried out by the improvement of the surface organization and porous network 

uniformity of these materials [570-576]. These textural aspects offered advantageous 

alternatives towards desired shape-selective catalysis which are governed by mass 

transfer phenomena. These phenomena can be tuned by controlling the porosity and 

the surface homogeneity [577]. Moreover, this key point is more critical when 

selectivity is an issue, dealing with bulky functionalized molecules that undergo both 

intra- and inter-molecular reactions. Despite the increasing progress that has been 

achieved since the first synthesis of hexagonally ordered mesoporous silica [578-

580], the synthesis of ordered materials for catalytic applications still remains as a 

hot research topic. Indeed, various organized mesoporous  siliceous and non-

siliceous materials were targeted, among them; cubic MCM-41 and MCM-48 [581], 

SBA-15 [580] and KIT-6 [582], in addition to ordered mesoporous carbon (CMK-1 

and CMK-3) [583, 584], niobia [585, 586], titania [586], zirconia [586], tantalum 

oxide [587] and other several non-siliceous interesting ordered mesoporous metal 

oxides [588] and hybrid materials [589].  

Ordered mesoporous alumina (OMA) has been one of the challenging non-siliceous 

organized materials to synthesize [594, 595]. Niesz et al. [596] reported a Pluronic 

P123-templated sol-gel synthesis of OMA where the synthesis was performed at 40 

°C affording high BET surface and narrow pore size distribution. Liu et al. [597] 

reported a nanocasting synthesis templated by mesoporous CMK-3 carbon. A 

Pluronic F127-templated synthesis of OMA was also reported by Yuan et al. [598]. 

Recently, Wu et al. [599] reported an efficient OMA synthesis using inexpensive 

aluminum nitrate at 30 °C. OMA with relatively large mesopores have been obtained 

using a swelling agent in a Pluronic P123-templated synthesis. Along with high 

surface area and pore size and uniform mesoporous network, great efforts have been 

also focused on achieving thermally and hydrothermally stable crystalline 

framework walls of OMA. [573, 597, 598] Moreover this feature can help the 
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material to maintain large surface area even after thermal treatment at high 

temperatures [600].  

In order to establish a versatile and cost-effective preparation of OMA materials, 

many approaches have been investigated. These studies revealed the importance of 

many key-control factors in order to overcome limitations over ordered mesoporous 

network formation. Therefore, the effect of inorganic precursors-template ratio was 

investigated [577]. Furthermore, many process parameters were deeply investigated 

among them, the complexation effect of anions and hydro-carboxylic acid and 

organic-inorganic interface protectors and template-assistants during aging process 

[600, 614-616], synthetic routes [617], swelling agents and co-solvents,[618] salt-

like effect of water and acid concentration [619], the pH of the synthesis medium 

and nature of pH adjustor [605], as well as the calcination temperature [610].  

The particular acidic properties of the alumina surface attributed to Lewis-acid 

aluminum species and Brønsted-acid hydroxyl groups, promoted significantly the 

incorporation of several metals and other metal oxides on alumina. Frequently, 

OMA modification and synthesis under high thermal conditions led to partial or 

complete loss of the mesoporous hexagonal arrangement [607]. Therefore, doping 

metals and metal oxides on OMA and preserving the well-ordered 2D-hexagonal 

mesostructure is a challenging procedure. In this perspective, various elements were 

supported on OMA and simultaneously maintaining the organized structure. For 

instance, Ni, Mg, Fe, Cr, Cu, Ce, La, Y, Ca and Sn were successfully supported on 

OMA [603, 607]. Si-, Ce-, and Zr-doped OMA [620], Ce–Zr-Co-doped OMA [621, 

622], Cu/Ce-OMA [623], La-doped OMA [624] and noble metals-doped OMA (Pt, 

Ag and Pd) [625] were also prepared. Similarly, OMA-supported metal oxides such 

as; MgO, CaO, TiO2, and Cr2O3 [607] and ordered titania-alumina mixed oxides 

[626] were also obtained. In addition, to prevent OMA collapse, the metal-modified 

OMA were obtained with uniform metal dispersion. These materials presented high 

catalytic activities for various reactions including carbon dioxide reforming of 

methane [627], hydrogen production [628], CO oxidation [625], thiophene 

hydrodesulfurization [629] and methanol dehydration [630].  
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Catalytic metathesis reaction could be one of these applications that can benefit from 

the ordered mesostructure network of alumina and modified-alumina, especially 

when trans- or cis-selectivity is critical and highly desired.  

Actually, metathesis reaction is an efficient transformation offering direct access to 

industrially important products from oleochemicals in one reaction step. Metathesis 

reaction of fats and oils is a clean catalytic and atom efficient reaction with no by-

product formation [465]. It is a transalkylidenation reaction involving substituents 

rearrangement of molecules containing C=C bonds resulting in exchange of 

alkylidene fragments.  

A number of catalysts have been developed for metathesis reaction of bulky 

functionalized olefins. The most active homogeneous catalysts developed are 

transition metals-based alkylidene complexes. Grubbs, Hoveyda-Grubbs, Schrock 

catalysts are the most successful among them and they are commercially available 

[340]. These homogeneous catalysts are active and compatible with a wide range of 

functional groups. However, they are expensive and often non-reusable. Typical 

heterogeneous catalysts for metathesis reaction are based on transition metal 

complexes in presence of co-catalysts or promoters. Traditional catalytic systems 

consist of metal chlorides, oxides and oxychlorides, often based on Mo, W, and Re 

and less commonly based on Os, Ir and Ti with co- catalysts which are generally 

Lewis acids or organometallic compounds of non-transition metals like Al and Sn 

[396].  

Methyl oletate was used as a model molecule for the studies on metathesis reaction of 

bulky functionalized olefins contained in vegetable. The most widely used heterogeneous 

catalysts for methyl oleate self-metathesis were Re2O7 supported on alumina and silica-

alumina materials [389, 396].  However these catalysts require the use of toxic tin-based 

promoters and additives such as Bu4Sn to increase the catalyst reactivity. The presence of 

tin also hinders the catalyst regeneration due to the deposed SnO2 species on the catalyst 

surface, formed during each recycling process which reacts with the active Re oxide [388].  
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Owing to the above limitations of Re2O7-based heterogeneous catalysts, the need for 

alternative approaches without using toxic molecules arises. MTO was found to be 

an active organorhenium complex for metathesis reaction without the use of toxic 

promoter [408, 412]. We have demonstrated recently that ZnCl2-modified 

wormhole-like mesoporous alumina exhibited higher metathesis reaction activity 

comparing to alumina supports [430-432]. Furthermore, we hypothesized that a well 

structurally organized alumina would be more suitable, expecting to improve the 

catalyst performance for the bulky functionalized olefin metathesis reaction.  

In the present work, we report the synthesis of well-organized hexagonal ZnCl2-

modified alumina. The effects of aluminum precursor and interfacial protectors (CA: 

carboxylic acids) on mesophase formation were investigated using simple carboxylic 

acids to prepare a series of ordered modified-alumina. A comprehensive mechanism 

of mesopores formation using carboxylic acids is proposed. The catalytic activity for 

methyl oleate self-metathesis using MTO supported on these well-ordered Zn-

modified Al2O3 was investigated for the first time on this material and comparison 

with wormhole-like alumina is also discussed. Particularly, methyl oleate conversion 

as well as formation of desired (9-octadecene and dimethyl-9-octadecene-1,18-

dioate) and  undesired metathesis reaction products (methyl elaidate). 

4.2. Experimental section  

4.2.1. Chemicals and reagents  
Pluronic F127 (EO106PO70EO106, MW = 12 600), aluminum isopropoxide Al(OPri)3 

(≥98.0%), aluminum-tri-sec-butoxide Al(OBus)3 (97.0%), citric acid  (≥99.5%), L-

(+)-tartaric acid (≥99.5 %), fumaric acid (≥99.5 %), oxalic acid (˃99.0%), maleic 

acid (≥99.0%), acetic acid (≥99.7%), zinc chloride (ZnCl2, 99.9%), oleic acid 

(≥99.0%) and BF3·MeOH (14% in methanol) were purchased from Sigma-Aldrich 

Canada (Oakville, ON, Canada). Aluminum tri-tert-butoxide Al(OBut)3 (97.0%) was 

purchased from VWR International (Mississauga, ON, Canada). Aluminum nitrate 

nonahydrate Al(NO3)3•9H2O (99.9%), hydrochloric acid (HCl, 36.5-38 wt%) and 

malonic acid (≥99.0%) were purchased from Acros Organics (Morris Plains, NJ, 
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USA). Cyclohexane (99.9%), hexane (99.0%), and ethanol (99.9%) were purchased 

from Fisher Scientific (Ottawa, Ontario, Canada). Methyl oleate was prepared by 

etherification of oleic acid with BF3·MeOH. All reagents were used as received 

without further purification. High purity commercial standards (methyl oleate, 

methyl elaidate and 9-octadecene) were purchased from Sigma-Aldrich Canada 

(Oakville, ON, Canada). All gases used were provided by Praxair at a purity of at 

least 99.995%. 

4.2.2. Alumina and modified-alumina synthesis  

4.2.2.1. Synthesis of well-ordered hexagonal mesoporous alumina (meso-Al2O3) 

Highly ordered hexagonal mesoporous alumina (Al2O3-meso) materials were 

synthesized through an extended sol-gel process associated with nonionic block 

copolymer as a directing agent, in a similar procedure described by Yuan et al. [610] 

Their synthesis was screened under different conditions (carboxylic acid, aluminum 

precursor and calcination temperature). Typically, Pluronic F127 (2.17 g) was 

dissolved in anhydrous ethanol (20 mL) under stirring at room temperature. Then, 

the investigated carboxylic acid (2.6 mmol) was added. The pH of the solution was 

adjusted below 2 by adding hydrochloric acid (1.0-1.5 mL), giving a clear solution. 

The investigated aluminum-precursor (10 mmol) was subsequently added under 

vigorous stirring. The mixture was then covered with polyethylene film, and left 

under stirring at room temperature for 5 h. The solvent was removed slowly in a 

drying oven at 60 °C and aged for 48h. The obtained solid was heated from room 

temperature to 400 °C with a slow ramping rate (1 °C/min), and calcined for 4 h in 

air. The obtained Al2O3–meso material was calcined further at higher temperatures 

(up to 1100 °C) at ramping rate of 10 °C/min for 1 h in air (2 h for 600-700 °C).  

4.2.2.2. Modification of ordered alumina with ZnCl2 

The modification of ordered alumina with ZnCl2 was carried out using the procedure 

reported in our previous works [430-432]. In a typical synthesis, meso-Al2O3 (2.0 g) 

was suspended in ethanol (20 mL) under stirring at room temperature. ZnCl2 (334 

mg, 2.45 mmol) was dissolved in ethanol (10 mL) by applying a 30 s vortex mixing. 

The addition of ZnCl2 solution to meso-Al2O3 suspension was carried out drop wise 
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under stirring. The mixture was kept under stirring at room temperature for 24 h in 

air, allowing a complete evaporation of ethanol. The obtained dried sample was 

heated from room temperature to 400 °C with a ramping rate of 2 °C/min, and then 

calcined for 4 h in air, providing ZnCl2-modified Al2O3–meso with optimized Al:Zn 

molar ratio of 8:1 as reported in our previous works [430-432].  

4.2.3. Catalyst synthesis, catalytic activity evaluation and GC 
analysis of the reaction products 
In a typical synthesis, prior to reaction (before adding MTO), the prepared ZnCl2-

modified OMA support was first grounded into a fine powder using a mortar and 

pestle for smaller catalysts particle size. Then, it was loaded into a borosilicate glass 

cell and heated in an electrical furnace for 2 h at 540 °C (10°C/min heating ramp), 

under inert argon atmosphere. Afterwards, the system was cooled down to the 

reaction temperature (45°C) under the same Ar flow. For MTO impregnation, 200 

mg of ZnCl2-modified OMA supports were suspended in hexane (1 mL) in a 10 mL 

reactor under N2 purge. The reactor was then capped with a septum, and sealed with 

parafilm. Subsequently, 6.2 mg of MTO were dissolved in hexane (1 mL) using a 

vortex mixer, then the prepared MTO solution was added to the above modified-

alumina suspension under vigorous stirring, and kept under slow nitrogen flow for 

15 min. Finally, the N2 flow was increased allowing complete solvent evaporation, 

offering the MTO/ZnCl2-OMA catalyst with an optimal loading of 3 wt.%. 

The synthesized catalysts were tested for methyl oleate self-metathesis in hexane 

under controlled dry atmosphere at 45 °C for 3h. During 90 min of methyl oleate 

self-metathesis reaction, aliquots were taken at different time intervals. The reaction 

was monitored by GC analysis using dodecane as internal standard. The metathesis 

reaction products were identified and quantified using commercially available highly 

pure external standards and GC-MS analysis as reported in our previous works [430-

432]. This identification allowed us to quantify the resulting desired (9-octadecene 

and dimethyl-9-octadecene-1,18-dioate), undesired metathesis reaction products 

(methyl elaidate), as well as the remained non-converted staring materials (methyl 

oleate). 
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Methyl oleate self-metathesis reaction conversion (Conv.), yields, desired metathesis 

reaction product yield (DMP) and selectivity (S) were calculated based on the 

following formulas:  

         
                                                                 

                                
       

 
 

           
                             

                                                                 
       

 
 
                                                                           
 
 

   
                                             

                                                    
 

 

4.2.4. Characterization of the materials and the surface sites 
The prepared alumina and ZnCl2-modified alumina materials were characterized 

using Powder X-ray diffraction (XRD) and N2 physisorption. Also transmission 

electron microscopy (TEM), scanning electron microscopy (SEM) and Energy-

dispersive X-ray (EDX) spectroscopy measurements were performed. The 

synthesized materials were also characterized using X-ray photoelectron 

spectroscopy (XPS), inductively coupled plasma optical emission spectroscopy 

(ICP-OES), 1H and 27Al magic angle spinning nuclear magnetic resonance (MAS 

NMR) techniques, as well as Fourier transform infrared (FTIR) spectroscopy.  

4.2.4.1. Powder X-ray diffraction (XRD) measurements 

The crystal structures and purity of the calcined samples were analyzed by XRD 

using a an Ultima III Rigaku monochromatic diffractometer (Model D/MAX-2200, 

with CuKα radiation source (λ=1.54059 Å) operated at a voltage of 40 kV and a 

current of 44 mA. Small angle XRD measurements were performed over the 2θ 

angle range of 0.6-6° at a scanning rate of 0.5°/min. The different crystal phases 
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were identified by wide angle XRD measurements. The patterns were collected from 

10° to 80° at a speed of 5.0°/min. 

4.2.4.2. Brunauer–Emmett–Teller (BET) surface area measurements 

The textural properties (specific surface area, total pore volume and pore size 

distribution) and surface analysis of calcined samples were performed by nitrogen 

adsorption/desorption isotherms. The samples were initially out-gassed under 

vacuum (10-4 Torr) at 250-300 °C during 12 h. Then, the multipoint BET surface 

area measurement was carried out using a volumetric adsorption analyzer (Model 

Autosorb-1, Quantachrome Instruments, Boyton Beach, FL) at liquid nitrogen 

temperature -196 °C (77 K). The specific surface area was evaluated using the 

Brunauer–Emmett–Teller (BET) method. Total pore volume was estimated from the 

amount adsorbed at the relative pressure P/P0 = 0.990 single point. Pore size 

distribution curves were calculated using the desorption branch of the N2-

adsorption/desorption isotherms and the Barrett-Joyner-Halenda (BJH) method as 

reported in the literature for this type of materials [666-668].  

4.2.4.3. Transmission electron microscopy (TEM) studies 

The pore size and morphology were examined by transmission electron microscopy 

(TEM). The micrographs were taken from a JEM-1230 electron microscope (JEOL, 

Japan) equipped with a lanthanum hexaboride (LaB6) thermionic emission source, 

operated at an acceleration voltage up to 80 kV, using Gatan dual-view multiscan 

camera. For TEM observations, the powdered samples were dispersed in methanol 

and sonicated for 10 min. A drop of the obtained suspension (5 µL) was then placed 

uniformly onto a Formvar film coated nickel grid (200 meshes) and it was allowed to 

dry in air at room temperature before analysis. 

4.2.4.4. Microstructural characterizations SEM/EDX 

The microstructure, morphology and elemental composition of the synthesized 

materials were determined using scanning electron microscopy (SEM) along with 

energy dispersive X-ray spectrometry (EDX). Before analysis, powdered samples 

were dispersed on a copper grid (300 mesh) coated with a Lacey amorphous carbon 
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film. The samples were deposited by cathodic sputtering in vacuum chambers (100 

mTorr), using an Au/Pd thin film to make the surface electrically conductive for 

better sensitivity and higher imaging resolution. The characterization was carried out 

on a JEOL model JSM-840A scanning electron microscope equipped with an 

energy-dispersive X-ray (EDX) spectrometer operating at an accelerating voltage of 

15 kV using secondary electron mode at high vacuum (10-6 Torr). EDX spectra of 

the particles were collected using a single-point quantitative analysis taken from 

several random areas of the sample. SEM images were acquired using OrionTM 

software at different magnifications (X 350-3000). The EDX signals were obtained 

by focusing a high energy electron beam on the particles and accumulating the 

spectra within an acquisition time of 60 s using SpiritTM Bruker AXS Microanalysis 

software. Average atomic ratio of the present elements was calculated from several 

EDX spectra at different points of the prepared sample. 

4.2.4.5. Inductively coupled plasma optical emission spectrometry (ICP-OES) 
analysis  

The actual Al/Zn atomic ratio and the Re loading in the prepared catalyst supports 

was determined by ICP-OES using a Perkin-Elmer Optima 4300DV ICP-emission 

spectrometer with radial plasma viewing. For analysis, 10 mg of sample were 

digested with 5 mL of aqua regia (nitro-hydrochloric acid) solution. After 24 h, the 

solution was filled up to 50 mL with deionized water for sample dilution to perform 

ICP experiments. Measurements from emission spectra for the dissolved species 

were conducted using calibration curves of a series of Al, Zn and Re standard 

solutions. The experimental ICP metal composition values were compared to the 

expected Al/Zn atomic ratio for each sample.   

4.2.4.6. X-ray photoelectron spectroscopy (XPS) measurements 

Identification of material surface species and their oxidation/coordination states was 

achieved by means of XPS analysis. XPS spectra were recorded on an AXIS 

ULTRA from Kratos Analytical (Manchester, UK) equipped with a double X-ray 

source for non-monochromatic Al-Mg (Kα) X-ray irradiation, a monochromatic Al 

(Kα) X-ray irradiation source (1486.6 eV), and an electrostatic analyzer of large 
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radius. The base pressure in the UHV XPS chamber was bellow 5 x 10-10 Torr. All 

spectra were acquired with the Al monochromatic source at room temperature 

operated at 300 W. The working pressure in the analyzing chamber was less than 10-

7 Torr. The survey spectrum used to determine the elementary apparent composition 

was recorded with pass analyzer energy of 160 eV and an energy step of 1 eV, using 

lenses in the hybrid mode, which maximizes sensitivity [669, 670]. The detailed 

spectra were obtained with pass energy of 20 or 40 eV, and an energy step of 50 or 

100 meV. The charge neutralizer was used for charge compensation of the non-

conducting samples. The binding energies were corrected for charge shifts, with the 

use of the C1s set at 285 eV peak as internal reference [671]. The uncertainty in the 

reported binding energy (BE) values is ±0.1 eV. The survey spectra were recorded in 

the binding energy range 0–1150 eV, and detailed spectra were recorded for O1s, 

Zn2p, Zn Auger L2M45 M45, Cl2p and Al2p. Curve fitting and deconvolution were 

performed using mixed Gaussian/Lorentzian line shapes after a Shirley-type 

background removal by using the CasaXPS 2.3.15 software [672].  

4.2.4.7. 1H -MAS NMR measurements  

Catalyst framework was investigated by solid-state NMR spectroscopy. 1H-MAS 

NMR spectra were recorded on a Bruker AVANCE 300 (Bruker BioSpin Ltd.) wide 

bore NMR spectrometer equipped with superconducting magnet of 7.1 Tesla using a 

conventional 4mm-broadband resonance magic angle spinning MAS probehead at 

operating Larmor frequencies of 300.1 MHz. The dehydrated samples were quickly 

packed into a 4 mm-zirconia (ZrO2) rotor, and then the spectra were acquired at 

room temperature at a typical spinning rate of 10 kHz at the magic angle. Single 

pulse excitation1H-NMR experiments were performed for Al2O3-meso and the 

ZnCl2-modified Al2O3-meso using a 90° pulse length of 2.25 µs, an acquisition time 

of 30 ms, and a recycle delay between scans of 60 s. Eight scans were collected for 

each 1H-MAS-NMR spectrum. All the corresponding chemical shift values were 

referenced to tetramethylsilane (TMS) signal (0.0 ppm in a spinning rotor). 
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4.2.4.8. 27Al-MAS NMR investigations   

The form, coordination state and environment of aluminum, as well as the surface 

and intrinsic Lewis acidic site concentrations were studied by means of 27Al solid-

state magic-angle spinning (MAS) NMR spectroscopy measurements. The 

experiments were conducted on a Bruker Avance 300 (7.1 T) instrument. 27Al-MAS- 

NMR spectra were obtained using a high-speed broadband MAS-probe with an outer 

diameter of 4 mm, and rotated around the Magic Angle at a rate of 10 kHz controlled 

within ±2 Hz using a Bruker MAS-controller, with an acquisition time of 15.4 ms. 

The system was operated at a resonance frequency of 78.1 MHz for 27Al nuclei. All 

spectra were obtained at room temperature. For the 1D- spectrum measurements, a 

short single excitation π/10 pulse of 0.6 µs was applied. The small flip angle of the 
27Al pulse was advantageously used to improve signal intensity quantification of the 

quadrupole nucleus [673]. The relaxation time was set at 250 ms, and 2000 scans 

were recorded. The 27Al-NMR ppm scale was referenced to Al(NO3)3•9H2O by 

adjusting the signal to 0 ppm [674].  

4.2.4.9. Fourier transform infrared (FTIR) spectroscopy studies    

FTIR investigations of the mesophase formation pathway were carried out in a 

Nicolet Magna 850 FTIR spectrometer (Thermo Fisher Scientific Inc.) equipped 

with a liquid nitrogen-cooled MCT detector in absorbance mode under static 

conditions. Before analysis, the samples were degassed under vacuum (10-4 Torr) at 

250 °C overnight. FTIR spectra were recorded at room temperature in the mid-IR 

spectral range; 400-4000 cm−1 region at 4 cm−1 resolution accumulating 128 scans. 

ATR-FTIR data acquisition and manipulation were performed with OmnicTM 

software (v. 6.1) and presented as absorbance. Spectra were obtained using a 45° 

trough-style sample holder with a zinc selenide (ZnSe) internal reflection element 

(56 mm×10 mm×3 mm) (PIKE Technologies, Inc) yielding nine internal reflections, 

while deconvolution of the IR spectra was carried out using the ORIGIN software 

(OriginLab Corporation, Northampton, MA). 
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4.3. Results and discussion 

4.3.1. Material characterizations 
Physisorption analysis and material physical properties 

Aluminum-tri-sec-butoxide was used as aluminum precursor for the synthesis of 

conventional wormhole-like alumina as reported in our previous work [430-432]. 

Therefore, different hexagonal OMA materials were prepared using the same 

precursor in the presence of several, inexpensive mono-, di- and tri-carboxylic acids. 

Table 7 shows the physical properties of these materials.  

Table 7: Physical properties of the prepared hexagonally OMA and ZnCl2-modified OMA 

obtained by means of nitrogen adsorption–desorption isotherms. 

Alumina Acid Aluminum 
precursor 

SBET
a 

(m2/g) 
VP

b 

(cm3/g) 
DP

c 

(nm) 
ZnCl2-Modified 
Al2O3

d 
SBET

a 
(m2/g) 

VP
b 

(cm3/g) 
DP

c 

(nm) 
 

Al2O3-1 Citric Al(OBus)3 362 0.46 3.4 ZnCl2-Al2O3-1 316 0.44 3.8 
Al2O3-2 Tartaric Al(OBus)3 394 0.49 3.8 ZnCl2-Al2O3-2 154 0.26 3.8 
Al2O3-3 Fumaric Al(OBus)3 313 0.43 3.9 ZnCl2-Al2O3-3 214 0.31 3.8 
Al2O3-4 Oxalic Al(OBus)3 317 0.39 3.8 ZnCl2-Al2O3-4 NDe ND ND 
Al2O3-5 Maleic Al(OBus)3 319 0.31 3.4 ZnCl2-Al2O3-5 ND ND ND 
Al2O3-6 Malonic Al(OBus)3 298 0.29 3.4 ZnCl2-Al2O3-6 ND ND ND 
Al2O3-7 Acetic Al(OBus)3 378 0.55 3.8 and  4.9 ZnCl2-Al2O3-7 ND ND ND 
Al2O3-8 Citric Al(OBut)3 300 0.53 5.5 ZnCl2-Al2O3-8 239 0.41 4.9 
Al2O3-9 Tartaric Al(OBut)3 324 0.59 5.6 ZnCl2-Al2O3-9 257 0.44 5.6 
Al2O3-10 Citric Al(OPri)3 321 0.24 4.9 ZnCl2-Al2O3-10 241 0.38 3.8 and 4.9 
Al2O3-11 Tartaric Al(OPri)3 289 0.46 5.6 ZnCl2-Al2O3-11 190 0.39 5.7 
Al2O3-12 Citric Al(NO3)3•9H2O 337 0.30 3.8 ZnCl2-Al2O3-12 139 0.40 3.8 and 6.5 
Al2O3-13 Tartaric Al(NO3)3•9H2O 293 0.58 3.8 ZnCl2-Al2O3-13 222 0.46 3.8 
aBET specific surface area (m2/g); bBJH pore volume (cm3/g) determined at P/P0 = 0.997; cBJH average pore diameter (nm); dAl:Zn 
atomic ratio of 8:1 determined by ICP-OES analysis; eND: Not determined. 
 

Figure 10 shows the nitrogen adsorption-desorption isotherms of hexagonal OMA 

synthesized using different carboxylic acids. All isotherms are IV-type and exhibit 

H1-type hysteresis loops.  
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Similar observations were portrayed in ZnCl2-modified OMA samples (see Figures 26 and 

27 in the Supporting Information) in accordance with XRD results, confirming thus the 

maintained organized structure even after ZnCl2 incorporation. It is worth to observe that 

the mean pore sizes as evaluated by TEM analysis are in the vicinity of 3 to 6 nm, 

confirming the mean pore sizes determined with BET analysis. 

SEM analysis 

The SEM images displayed in Figure 16a highlight the microstructure of the non-uniform 

plate-shaped particles of the obtained OMA after template removal and crystal growth. The 

use of different carboxylic acids and several aluminum precursors did not result in any 

significant difference in the microstructure of the prepared OMA (Figures 28 and 29 in the 

Supporting Information).  

 

Figure 16. Representative SEM images obtained for (a: Al2O3-4) OMA and (b: ZnCl2-

Al2O3-4) ZnCl2-modified OMA supports' microparticles prepared using oxalic acid with 

Al(OBus)3. Energy dispersive X-ray (EDX) spectra of (c) OMA and (d) ZnCl2-modified 

OMA supports samples prepared using oxalic acid-Al(OBus)3 

The SEM images display also the presence of microparticles which can be attributed to 

irregular aggregation of many nanoscale single crystals under thermal treatment. Moreover 

the microstructure observed with OMA was slightly modified after ZnCl2 incorporation as 

depicted in Figure 16b (see also Figure 28 in the Supporting Information). The 

impregnation process allowed the formation of relatively smaller and less regular particle 

morphology and size. This can be observed in Figure 16b which shows medium-sized 
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particles around 8-15 µm. It is believed that the presence of such smaller microparticles 

could be due to mechano-chemical dislocation effect during the ZnCl2 incorporation 

process. The EDX spectrum of OMA sample displayed in Figure 16c exhibits only a strong 

signal for O and Al elements highlighting the evidence for mesoporous Al2O3 formation. 

Whilst, Au/Pd and C were also detected deriving from Au/Pd thin film used to enhance the 

sample surface electrical conductivity for better improved detection purpose and from the 

carbon film used for samples deposition, respectively. 

EDX analysis of ZnCl2-modified Al2O3 samples depicted in Figure 16d shows also the 

presence of O and Al elements belonging to Al2O3 material. In addition, it shows the 

presence of both Zn and Cl elements owing to the impregnation of ZnCl2 into to Al2O3 

materials. 

XPS analysis 

The XPS measurements of OMA samples confirmed the presence of only Al and O 

elements as depicted in the survey spectrum (Figure 30a in the Supporting Information) 

with the desired alumina stoichiometry having an Al:O atoms ratio close to 2:3. Al2p 

spectrum displayed in Figure 17a shows a strong signal at 74.3 eV binding energy, which is 

assigned to the Al element from the anhydrous amorphous alumina phase.[680] Moreover, 

all Al species (IV, V and VI) contribute to form the Al2p peak [681]. The deconvolution of 

O1s XPS spectrum of OMA samples reveals the presence of three different oxygen species 

on the bulk alumina (Figure 17b). The hidden signals were detected at 530.9, 532.1 and 

533.1 eV, which are assigned to bulk oxygen from Al2O3 crystal matrix (Al-O-Al), the 

surface hydroxyl groups (Al-O-H) and the strongly adsorbed H2O molecules, respectively 

[680]. The presence of such moisture traces could be the reason behind the slight shift in 

the Al2O3 stoichiometry. 

Figure 17d depicts the spectrum of Al2p peak of ZnCl2-modified OMA supports at 74.7 

eV. In comparison to the peak obtained for OMA material, the Al2p binding energy 

increased from 74.3 to 74.7 eV. This small shift could be attributed to the Al environment 

changes, especially surface hydroxyl groups that are modified with ZnCl2 [680]. However, 

this non-significant shift implies that all Al species on both OMA and ZnCl2-modified 
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over the oxygen in Al-O-H increased from ~ 2 (hexagonal mesoporous alumina)  to ~ 3 

(ZnCl2-modified OMA). This may be due to the formation of Zn-O bonding as a 

consequence of ZnCl2 interactions with Al-O-H species.  

Therefore, the occurrence of these species decreased after ZnCl2 treatment of OMA. It is 

worth to note that was also suggested to be assigned to the formation of ZnO species 

resulted from the interaction of Zn with surface hydroxyl [682]. The H2O low intensity 

signal is simply attributed to the second thermal treatment which helped to remove 

significant amount of moisture compared to bulk OMA. 

The XPS analysis of ZnCl2-modified OMA supports revealed the presence of Zn and Cl 

elements in addition to Al and O (Figure 30b in the Supporting Information). The expected 

nominal Al:Zn ratio of 8:1 is confirmed by ICP-OES analysis. However, the atomic 

element calculations resulted in Zn/Cl stoichiometry around 1.6 to 1.8. This statement 

could indicate that further to ZnCl2, other Zn-Cl species are dispersed on the OMA surface 

as pointed out previously by Pillai et al. [430, 431] 

Regarding the zinc element, Zn2p3/2 XPS spectra displayed a unique signal at 1022.5 eV 

(Figure 17e). However, it  is difficult to distinguish between different Zn2+ species since the 

presence of Zn2+ signal at this binding energy could be attributed to ZnO species (1022.5 

eV)[683], ZnCl2 (1022.5 ±0.2 eV)[684] or Zn(OH)2 (1022.6 eV) [685]. Nonetheless, it 

could be hardly assigned to a spinel ZnAl2O4 phase (1022.0 eV) [682]. Therefore, the 

chlorine XPS spectra are necessary to confirm the nature of the related Zn2+ species. XPS 

spectrum of chlorine ions displayed in Figure 17f exhibits two signals at 199.3 and 200.9 

eV for Cl2p3/2 and Cl2p1/2, respectively after peak deconvolution process. These signals are 

assigned to Cl bonded to Zn. The Zn-Cl species were also confirmed as Zn-Cl2p3/2 with 

binding energy of 199.1 ± 0.2-0.9 and Zn-Cl2p1/2 with a binding energy of 200.6 ± 0.2-

1.462 eV. Moreover, the Zn-Cl2p3/2 is suggested to be bonded to the alumina surface via 

OH groups as Al-O-Zn-Cl [686]. The calculated low Zn/Cl stoichiometry compared to the 

incorporated ZnCl2 could be attributed to a partial removal of chlorine from the support 

surface upon ZnCl2 decomposition under thermal treatment (400 °C) as reported recently 

by Schmidt et al. [637] 
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1H and 27Al –MAS-NMR Analyses 

To confirm the presence of Zn-O-Al bond, 1H-MAS-NMR analysis was conducted 

investigating the possible interaction of ZnCl2 with the surface hydroxyl groups and the 

possible types of Zn/Cl species which can be obtained upon alumina modification. 

Recently, it was suggested that the incorporation of ZnCl2 to alumina may lead to the 

formation of mixed Zn/O/Cl species, but the possible presence of bulk ZnCl2 or elemental 

zinc is completely eliminated [637].  

First of all, the 1H-MAS-NMR was conducted on OMA only and the results  are depicted in 

Figure 18a which exhibit two main peaks observed at 1.7 and 3.8 ppm.  

 

Figure 18. 1H-MAS-NMR spectra of (a: Al2O3-4) OMA prepared with oxalic acid-

Al(OBus)3. ZnCl2-modified alumina prepared with (b: ZnCl2-Al2O3-4) oxalic acid-

Al(OBus)3, (c: ZnCl2-Al2O3-9) tartaric acid-Al(OBut)3 and (d: ZnCl2-Al2O3-10) citric acid-

Al(OPri)3. All samples were calcined at 400 °C. 

These peaks can be assigned to the basic terminal hydroxyl groups and the acidic bridging 

hydroxyl groups of intermediate strength, respectively as it was previously reported by 
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Decanio et al. [687]. In contrast, strong acidic and basic hydroxyl groups were detected 

using wormhole-like alumina as reported in our previous work [430, 431], as well as in 

other published results [634]. An additional peak was also observed at 4.3 ppm for OMA 

sample, which is assigned to hydrogen bonded water physisorbed on alumina surface [687, 

688].  

Afterwards, the ZnCl2-modified OMA supports were analyzed and the results are reported 

in Figures 18b-18d. As depicted in these figures, the 1H-MAS-NMR spectra reveal the 

elimination of the peak at 1.7 ppm. These observations suggest that the basic terminal 

hydroxyl groups are neutralized upon ZnCl2 addition. It is believed that ZnCl2 is bonded to 

the alumina surface via this type of hydroxyl groups forming various Al-O-Zn-Cl species; 

this was confirmed by combining the 1H-MAS-NMR results with those obtained by XPS 

analysis. This neutralization leads to a drop in Brønsted acidity, and as a result an enhanced 

Lewis acidity of the catalyst support is obtained. The peak attributed to hydrogen bonded 

water physisorbed on alumina was observed also with ZnCl2-modified alumina (Figure  

18b). This peak was eliminated in other samples (Figures 18c-18d) which may be due to 

water trace removal via the second calcination process upon alumina modification. 

Distinct shapes of the main signal were observed along with variation of carboxylic acid 

and aluminum precursors used for OMA and ZnCl2-modified OMA supports synthesis. 

Decanio et al. [687] suggested that this signal broadening can be attributed to the strong 
1H-1H dipolar interactions of the neighboring hydroxyl groups or physisorbed H2O 

molecules. These 1H-MAS-NMR results are supported by the DRIFT analysis reported 

previously by Tovar et al. [634] and in our previous work [430, 431] describing the 

disappearance of the terminal hydroxyl signals and decrease in bridging hydroxyl signals in 

the modified-wormhole-like alumina samples spectra in comparison to the initially 

analyzed wormhole-like alumina.  

Figure 19 shows the 27Al-MAS-NMR spectra of as-prepared dried OMA and OMA 

calcined at 400 °C as well as ZnCl2-modified OMA. Several carboxylic acids and 

aluminum precursors were screened for the preparation of these materials.  

The 27Al-MAS- NMR spectra of the non-calcined (dried) samples exhibit a single peak 



 

97 
 

 



98 

 



 

99 
 

However, lower signal of AlO6 was observed when citric acid was used. Surprisingly, this 

distribution was not observed with the corresponding unmodified OMA. It is believed that 

the tri-carboxylic acid (citric) led to higher amount of AlO6 on OMA surface compared to 

the one prepared using the di-carboxylic acid (tartaric). This can be ascribed to the relative 

difference in the complexation ability of these acids with the Al precursors and bonding to 

the template before calcination process. It is then suggested that the difference on the 

exposed amount of AlO6 can only be observed after ZnCl2 incorporation upon interaction 

of Zn atoms preferably with AlO6 coordination sites. Moreover, such selective doping was 

previously reported when Cu-doped Al2O3 was investigated showing high Cu atoms 

preference towards AlO5 sites [693]. Therefore, the synthesized Al2O3 materials with high 

penta-coordinated aluminum distribution centers are highly desirable for heterogeneous 

catalysis [693].  

4.3.2. Mechanism of OMA and ZnCl2-modified OMA supports 
formation 
In order to simplify the mechanistic pathway for the mesophase formation and based on 

well-established mechanisms and theories [578, 579, 598, 695, 696], we propose herein a 

comprehensive mechanism for OMA synthesis and ZnCl2 incorporation as schematically 

illustrated in Figure 21.  

In this mechanism, it is shown that the uniform aggregation of liquid-crystal phase of 

surfactant micelles is the main factor to be controlled in order to obtain such organized 

mesostructure. This agglomeration is obtained after a self-assembly process mediated by 

complexation effect of carboxylic acids with Al cations, as well as the nonionic surfactant 

(F127) via Van der Waals forces and hydrogen bonding [598].  

Therefore, carboxylic acids are used as interfacial protectors to prevent chlorine ions from 

complexation with Al atoms. Cl- anions can coordinate strongly with Al species leading the 

organized assemblies to collapse during the evaporation process [598]. Finally, the 

templating agent (Pluronic F127; organics) is removed upon calcination under 400 °C, 

providing the hexagonally structured mesoporous network. 
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of citrate and tartrate groups to aluminum centers, respectively [698]. In addition, the 

spectra exhibit well-resolved bands at around 1590 and 1618 cm-1, which are assigned to 

the asymmetric stretching vibrations υa (COO-) complexed to Al atoms [697]. These results 

demonstrate the evidence of carboxylic acid-Al coordination pathway leading to the 

mesophase formation and growth. These interactions are not tightly dependent on the 

nature of the carboxylic acid or the aluminum precursor. 

4.3.3. Catalytic activity for methyl oleate self-metathesis over 
heterogeneous MTO-based catalysts supported on organized 
mesoporous alumina 
In order to evaluate the performance of the synthesized hexagonal mesoporous alumina 

materials as catalytic supports, some of the formulated MTO-based catalysts supported on 

these materials have been tested for their catalytic activity conducted on methyl oleate self-

metathesis (See Scheme 11). The obtained results were also compared to those acquired 

using MTO-based catalysts supported on wormhole-like mesoporous alumina for the same 

reaction under identical reaction conditions (45 °C, 90 min of reaction time) as optimized 

previously by Pillai et al. [430, 431] These results are summarized in Table 8. 

As already reported by Pillai et al. [430, 431], methyl oleate self-metathesis with the 

MTO/ZnCl2-Al2O3-meso catalyst gave the primary metathesis reaction products 9-

octadecene and dimethyl-9-octadecene-1,18-dioate in both cis and trans isomers. Methyl 

elaidate, which is the trans-isomer of methyl oleate, is also formed during the reaction. This 

product was obtained from the non-productive or degenerate metathesis reaction as 

previously described [414, 430, 431]. It is worth to observe that when 3 wt% MTO 

supported on mesoporous alumina, unmodified with ZnCl2 was used as catalyst [430, 431], 

only weak methyl oleate conversion of 2.4% was reached after 3 h of reaction, testifying 

the poor catalyst performance: The yield of total metathesis reaction products was 2.4% 

where only 43% of this yield is ascribed to the desired metathesis reaction products (1, 2, 4 

and 5). The selectivity towards the desired products (9-octadecene and dimethyl-9-

octadecene-1,18-dioate) is in the vicinity of ~ 42%. The same catalyst modified with ZnCl2 

markedly boosted the conversion up to ~ 87% after the same reaction time where the total 

metathesis reaction product yield attained 86.7% with 52% attributed to the desired 
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metathesis reaction products. This catalyst yielded also ~ 34% of methyl elaidate 

(undesired product) as reported in our previous work [430, 431].  
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Scheme 11. Reaction pathway of methyl oleate self-metathesis. 

 

The MTO-based catalysts supported on some hexagonal alumina such as Al2O3-2 and -11 

(Cata #2 and Cata #3, respectively) exhibited somewhat similar activity compared to the 

MTO-based catalyst supported on wormhole-like alumina. They reached comparable 
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conversion. It is interesting to note that almost all these ZnCl2-modified OMA supports 

when they were tested as catalyst supports for methyl oleate self-metathesis, displayed 

almost similar conversion around 87 to 88% at identical reactions conditions. These 

catalysts were fairly more selective towards desired metathesis reaction products. Their 

yield of desired products was slightly higher. This was reflected in somewhat lowering the 

non-productive metathesis reaction product (methyl elaidate), indicating thus, a better 

selectivity towards the formation of the desired products. This statement is verified also in 

the next section treating the kinetics of the reaction. 

Table 8: Catalytic activity for methyl oleate self-metathesis over heterogeneous MTO-

based catalysts supported on organized or wormhole-like mesoporous alumina. 

Catalystd 1a 2a 3a 4a 5a Convb DMPc References 
 

Cata #1  
(ZnCl2-Al2O3-1): 
Al(OBus)3 + citric 

15.5 14.3 35.0 9.1 4.3 78.2 43.2 This work 

Cata #2 
(ZnCl2-Al2O3-2): 
Al(OBus)3 + tartaric 

29.3 8.5 32.9 12.9 4.6 88.2 55.3 This work 

Cata #3 
(ZnCl2-Al2O3-11): 
Al(OPri)3 + tartaric 

31.8 8.9 30.2 14.1 2.4 87.4 57.2 This work 

Cata #4 (Al(OBus)3) 24.4 8.3 34.3 16.2 3.6 86.7 52.4 Pillai et al. [430, 431] 
Cata #5 (Al(OBus)3) 0.2 0.3 1.4 0.2 0.3 2.4 1.0 Pillai et al. [430, 431] 
aThe numbers appearing for the metathesis reaction products 1, 2, and 3 (Scheme 13) are expressed in terms of individual product yield 
(yieldi).  
bConv.: conversion.  
cDMP: desired metathesis reaction products. 
dThe investigated catalysts were 3 wt% MTO/ZnCl2-Alumina-1, Alumina-2 and Alumina-11 in the case of Cata #1, Cata #2 and Cata 
#3, respectively. Cata #4 consisted of 3 wt% MTO on ZnCl2-modified disordered wormhole-like mesoporous alumina, while Cata #5 
was 3 wt% MTO on disordered wormhole-like mesoporous alumina only, reported by Pillai et al. [430, 431]. 

4.3.4. Kinetic profiles of methyl oleate self-metathesis over MTO-
based catalysts supported on ZnCl2-modified OMA 
The activity and the products distribution yields of methyl oleate self-metathesis over 

MTO-based catalysts as shown in Table 8 were reached after 90 min of reaction. This long 

reaction time is considered sufficient to reach the chemical and thermodynamic reaction 

equilibria of methyl oleate self-metathesis. However, it is possible that this time would be 

finally shorter than can really appear in order to achieve such equilibria. In fact, for similar 

reaction conditions, this equilibrium time is dependent on how quick is the reaction for a 

given catalyst. This cannot be confirmed if a kinetic study is not carried out. For that 
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hexagonal and wormhole-like mesoporous alumina, respectively. Moreover, with 

hexagonal alumina, the MTO-based catalyst seemed to be more selective towards 

desired metathesis reaction products where only 30% of methyl elaidate, a non-

productive metathesis reaction product, was generated. Nevertheless, the time where 

the reaction begins to reach its equilibrium (onset equilibrium time) is much smaller 

(~10 min) when hexagonal alumina was used in comparison to wormhole-like 

structured alumina (30 to 40 min), indicating a huge activity of the MTO-based 

catalyst supported on hexagonally structured alumina which kinetically 

outperformed the MTO-based catalyst supported on wormhole-like structured 

alumina. Consequently, the new catalyst is more selective towards the desired 

products. Indeed, the products 1, 2, 4, and 5 were formed via productive metathesis 

reaction pathway, whereas the product 3 was formed via non-productive metathesis 

reaction pathway which is a parallel unwanted side reaction. Frequently, the 

selectivity (S) can be defined as the yield of desired products over the yield of all 

undesired products. Then for the self-metathesis reaction, S can be evaluated by: 

   
                                                           

                                                        
 

Table 9 summarizes this selectivity for both MTO-based catalysts using hexagonal 

and wormhole-like mesoporous aluminas. 

Therefore, it is evident that the MTO-based catalyst using hexagonal mesoporous 

alumina is more selective towards the desired metathesis reaction products than that 

using wormhole-like alumina. 

Even if the activity levels reached with both types of mesoporous alumina materials were 

quite similar, the kinetics was drastically improved with hexagonal mesoporous alumina 

compared to wormhole like alumina. In our opinion this could be attributed to the 

difference in the porous network structure of both alumina materials which greatly 

influenced the mass transfer phenomena, adsorption/desorption kinetics of the reactant 

(methyl oleate) as well as the desorption of the reaction products. In other words, in the 
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case of wormhole-like structure, the reactant will take much more time to adsorb and react 

on the catalytic sites as well as the products to desorb from the catalyst pores.  

Table 9: Selectivity towards the desired metathesis reaction products for the heterogeneous 

MTO-based catalysts supported on hexagonal or wormhole-like mesoporous aluminas. 

Catalysts 
 

S 

Cata #1 (ZnCl2-Al2O3-1): Al(OBus)3 + citric 1.234 
Cata #2 (ZnCl2-Al2O3-2): Al(OBus)3 + tartaric 1.681 
Cata #3 (ZnCl2-Al2O3-11): Al(OPri)3 + tartaric 1.894 
Cata #4: Al(OBus)3 1.531 
Cata #5: Al(OBus)3 0.714 
 

This is due to the irregular and interconnected porous network characterizing a wormhole-

like framework structure, in comparison to the more regular hexagonal pores obtained with 

highly organized mesoporous alumina where the reactant and products diffusion inside the 

porous network, in addition to reactant adsorption on the catalyst sites and desorption of the 

products from the catalyst could be much easier and faster. The kinetics could be tightly 

dependent on the textural mesoporosity available for transporting substrates to the surface 

catalytic active sites. This suggestion corroborates that reported by Pauly et al. [699] when 

they studied the effect the textural mesoporosity and the catalytic activity of mesoporous 

molecular sieves with wormhole framework structures. 

4.4. Conclusions 
A successful preparation of hexagonal well-ordered mesoporous alumina and ZnCl2-

modified alumina in a simple, versatile, and reproducible process was carried out by a 

bottom-up approach through an evaporation-induced self-assembly technique, using 

Pluronic F127 and different carboxylic acids and aluminum precursors. The synthesis 

allowed the formation of well-organized mesoporous alumina materials with moderate to 

relatively large BET surface areas and pore volumes, as well as uniform mesoporous 

networks. In order to generalize the synthesis methodology developed, we decided to use 

different starting materials (aluminum precursors and carboxylic acids). The use of various 

aluminum precursors was mainly motivated by the cost of the starting materials in order to 

establish a cost-effective process, for instance, the inorganic salt Al(NO3)3•9H2O is 
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cheaper. However, we used others precursors with various alkoxy chains in order to study 

their complexation behavior during the self-assembly process, as shown in the formation 

mechanism (Figure 21). The complexation ability of carboxylic acids with Al centers is the 

key factor, leading to a successful well-ordered assembly process. On the other hand, the 

use of different carboxylic acids as interfacial protectors was essentially motivated by their 

different structure and functionalities (mono-, di- and tri-acids). These functionalities were 

proved to be a key factor during the self-assembly process (Figure 21). ZnCl2 enhanced 

greatly the Lewis acidity of the supports, while mainly Al–O–Zn–Cl species are formed on 

the surface as illustrated with XPS and MAS NMR analyses. Theses ordered materials are 

potential candidates as catalyst supports for selective heterogeneous catalytic reactions, 

such as metathesis reaction of bulky functionalized fatty molecules. The hexagonal 

aluminas exhibited faster kinetics than those obtained with the wormhole-like alumina 

counterparts. This behavior could be attributed to better mass transfer features of hexagonal 

mesoporous aluminas. These findings and the synthesis reported herein are key points to 

elaborate a promising strategy for the synthesis and functionalization of various novel 

metal-doped organized supports. Moreover, they can pave the way to explore opportunities 

for the large-scale production of a wide range of these interesting organized modified-

mesoporous materials as catalyst supports. 
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Figure 24. (a) Nitrogen adsorption–desorption isotherms and (b) BJH pore size 

distributions curves of the prepared OMA samples using Al(OBus)3: (1: Al2O3-7) Al2O3-

acetic, (2: Al2O3-1) Al2O3-citric, (3: Al2O3-6) Al2O3-malonic. 
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Figure 25. (a) Nitrogen adsorption–desorption isotherms and (b) BJH pore size 

distributions curves of the prepared ZnCl2-modified OMA samples using citric acid with 

different aluminum precursors: (1) ZnCl2-Al2O3-Al(OBus)3, (2) ZnCl2-Al2O3-Al(OBut)3, (3) 

ZnCl2-Al2O3- Al(OPri)3 and (4) ZnCl2-Al2O3-Al(NO3)3 · 9H2O. All samples were calcined 

at 400 °C. 
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Figure 30. XPS survey spectra of (a) the OMA and (b) the ZnCl2-modified OMA supports 

samples.
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Résumé  
Récemment, nous avons préparé l'alumine mésoporeuse organisée dopée avec le chlorure 

de zinc (ZnCl2-AMO) comme support catalytique, grâce à un processus classique en deux 

étapes qui englobe la synthèse des AMO, puis une incorporation post-synthèse de ZnCl2. 

Dans ce travail, nous avons développé une voie de synthèse en une seule étape offrant un 

accès direct aux supports (ZnCl2-AMO) hexagonaux bien organisés, en employant les 

mêmes conditions de synthèse que nous avions déjà optimisées pour la synthèse 

traditionnelle en deux étapes. Nous avons utilisé un processus d'auto-assemblage en phase 

aqueuse avec le Pluronic F127 comme agent directeur combiné avec une imprégnation in 

situ de ZnCl2. Cette nouvelle approche est compatible avec différents précurseurs 

d'aluminium communs et différents acides carboxyliques utilisés comme protecteurs 

d'interface dans le processus d'auto-assemblage. Les matériaux ZnCl2-AMO obtenus ont été 

caractérisés par différent technique incluant: DRX, adsorption-désorption d'azote, MET, 

MEB (microscopie électronique à balayage), ADESF, SPX et RMN en état solide (1H et 
27Al). Ainsi, ces matériaux ont manifesté des propriétés améliorées par rapport à celles des 

matériaux synthétisés de façon conventionnelle, en particulier une plus grande surface 

BET. Les matériaux synthétisés (ZnCl2-AMO) ont ensuite été utilisés comme supports 

catalytiques pour le méthyltrioxorhénium (MTO), montrant une performance catalytique 

élevée pour l'auto-métathèse de l'oléate de méthyle, ainsi qu'une meilleure activité et 

sélectivité envers les produits de métathèse désirés. Ces caractéristiques sont très 

bénéfiques pour la synthèse à grande échelle grâce à l'introduction rapide, simple, facile et 

à faible coût de fonctionnalités sur la surface des matériaux mésoporeux sans passer par des 

procédures en plusieurs étapes. 
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Abstract 
Recently, we have prepared ZnCl2-modifed OMA supports through a conventional two 

steps process that includes OMA synthesis and then post-synthesis incorporation of ZnCl2. 

Herein, we developed a direct one-step synthetic route offering access to hexagonally well-

organized ZnCl2-OMA materials, employing the same synthesis conditions we have 

previously optimized for the traditional synthesis. We used an aqueous self-assembly 

process with Pluronic F127 as a directing agent combined with in situ impregnation of 

ZnCl2. The new approach was found to be compatible with various common aluminum 

precursors and carboxylic acids used as self-assembly interfacial protectors. The obtained 

ZnCl2-OMA materials were characterized using XRD, N2 adsorption-desorption, TEM, 

SEM, EDX, XPS and 1H and 27Al MAS-NMR techniques. Thus, these materials were 

found to exhibit improved properties compared to the conventional ones, particularly larger 

BET surface area. The synthesized ZnCl2-OMA materials were then used as catalytic 

supports for MTO, showing a high catalytic performance for methyl oleate self-metathesis, 

demonstrating better activity and selectivity towards desired metathesis reaction products. 

These features are highly beneficial for large-scale synthesis through fast, simple, easy and 

low-cost introduction of functionalities on mesoporous materials surface without multi-step 

procedures. 

 

Keywords: ordered mesoporous alumina; metathesis reaction; catalyst design; one-pot 

synthesis; in situ functionalization 
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5.1. Introduction 
Metal oxide-based supported catalysts are considered as an important class of 

heterogeneous catalysts [700, 701]. Among these metal oxides, porous systems represent 

the major share of this family, more particularly mesoporous materials which gathered 

enormous attention for their wide application spectrum in catalysis [702]. These materials 

were also advantageously used for other applications including energy conversion and 

storage, gas sensing as well as adsorption and separation applications [703-706]. 

Mesoporous aluminum oxide (Al2O3) is one of the most commonly used catalyst supports 

[679]. A variety of active species including organics, metals, organometallics and metal 

oxides were grafted on alumina surface generating highly robust heterogeneous catalysts 

[603, 607, 707]. 

For heterogeneous catalytic conversions, alumina supports are usually modified with other 

species before incorporation of the active components. These species usually offers better 

stability to the alumina matrix and the catalyst [708], increase dispersion of active 

components [709], improve acid-base properties [692, 710, 711], as well as provide 

enhanced catalytic performance usually through surface synergetic interactions with those 

species [712]. However, the modification of the catalysts supports is conventionally 

performed via post-synthesis modifications, through a challenging multistep process. These 

procedures are usually laborious as well as energy and time consuming. Moreover, these 

features render the synthesis process costly. In addition, the use of several separation and 

treatment steps increases both the use and generation of possible toxic solvents, compounds 

and gases. Furthermore, such long processes may hinder the control over the materials 

synthesis and alter their properties (e.g. textural, morphological, chemical, etc.) as well as 

the synthesis yield. These drawbacks present enormous limitations towards large scale 

synthesis of such modified materials and catalysts, as well as their broad application. 

Therefore, the most suitable route for the modification and functionalization of these 

catalyst supports is to perform an in situ incorporation of the desired components, prior to 

the formation of the host materials. This one-step procedure will highly increase the 

efficiency of the synthesis process by offering a variety of advantages including faster 
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synthesis by shortening the process from several days to few hours or minutes. This 

approach is more cost-effective and leads to higher reaction yields. This renders the 

introduction of desired functionalities easier and simpler. Moreover, this methodology 

offers better control over the materials synthesis allowing access to catalytic supports with 

better properties that are key factor for the enhancement of their catalytic performance. 

These hypotheses were fully verified and validated through several experimental studies 

reported until nowadays. Therefore, this methodology was adopted for the study of 

metathesis catalysts supported on ZnCl2-modified OMA. Successful synthesis of a highly 

active metathesis catalysts using MTO supported on functionalized mesoporous alumina 

was previously reported [430-432]. Through several optimizations, ZnCl2 was shown to be 

the most suitable metal halide for alumina modification offering the highest metathesis 

reaction performance among several other metal halides used for the study [430-432]. The 

MTO supported ZnCl2-modified Al2O3 was found to exhibit higher metathesis reaction 

activity compared to the unmodified alumina [430-432]. This catalysts showed high 

performance for both methyl oleate and triolein self-metathesis [430-432]. However, this 

catalyst displayed relatively slow kinetics and unsatisfactory selectivity towards desired 

metathesis reaction products. Therefore, the traditional alumina support having wormhole-

like mesostructure was replaced by a hexagonally ordered mesoporous alumina (OMA), 

which resulted in an enhanced performance of the MTO-based catalysts for methyl oleate 

self-metathesis using the ZnCl2-modified OMA supports [657].  

These materials were successfully tested for their activity for methyl oleate self-metathesis 

[657]. Metathesis reaction in one of the most interesting catalytic route providing access to 

a variety of valuable monomers via C=C bond formation [713, 714]. Methyl oleate is 

chosen as a model molecule having both long carbon chains containing one C=C bond 

which is subjected to metathesis reaction conditions, and the ester functional group to 

evaluate the MTO-based catalyst tolerance for functional groups. Also, methyl oleate is a 

bulky functionalized molecule which is suitable to evaluate the kinetics and molecular 

diffusion inside the mesoporous network. This renewable substrate originating form 

vegetable oils represents an interesting feedstock for the synthesis of value-added 

compounds through metathesis reaction pathway [24, 715].  
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Therefore, in this study, in order to improve furthermore the MTO-based catalyst, a new 

direct one-pot aqueous self-assembly strategy for the synthesis of ZnCl2-modified OMA 

supports was developed. The aim is to improve the synthesis process trough a simpler, 

faster, easier and cost-effective process. The new synthesis protocol is expected to offer the 

desired materials with enhanced chemical, morphological, and textural properties which 

may likely lead to better metathesis reaction performance. In addition, higher synthesis 

yields are expected to be reached. Detailed characterizations and comparison with alumina-

based supports prepared via the conventional approach and their catalytic performance are 

provided. 

5.2. Experimental section 

5.2.1. One-pot synthesis of ZnCl2-modified ordered mesoporous 
alumina (OMA) 
Well-organized ZnCl2-modified hexagonal mesoporous alumina materials denoted as 

ZnCl2-OMA were prepared by an easy one-pot synthesis through a combined sol-gel 

process and in situ impregnation method. A detailed description of the chemicals and 

reagents used can be found in Abidli et al. [657]. Various aluminum precursors were used 

including Al(OBus)3, Al(OPri)3, Al(OBut)3 and Al(NO3)3·9H2O, with distinct carboxylic 

acids (citric, tartaric, fumaric, oxalic, malonic, maleic and acetic acid) in order to generalize 

this methodology and to verify the reproducibility of the newly designed synthesis 

approach. For a typical synthesis of these modified ordered mesoporous materials; Pluronic 

F127 (2.17 g) was dissolved in anhydrous ethanol (20 mL) under magnetic stirring at room 

temperature. Then, the investigated carboxylic acid (2.6 mmol) was added, while the pH of 

the solution was adjusted below 2 by adding hydrochloric acid (1.0-1.5 mL), giving a 

clearer solution. Subsequently, the investigated aluminum-precursor (10 mmol) was added 

under violent magnetic stirring. Simultaneously, ZnCl2 (170 mg, 1.25 mmol) was dissolved 

in ethanol (10 mL) by applying a 30 s vortex mixing. The dissolved ZnCl2 was then slowly 

added dropwise to the above Pluronic F127-containing solution under gentle stirring. The 

resulting mixture was then covered with polyethylene film, and continuously stirred for an 

additional 5 h at room temperature to homogenize the content. Afterwards, the mixture was 

transferred for aging into a drying oven at 60 °C, allowing slow and complete evaporation 
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of solvents within 48h. Finally, the resulting dried solid was annealed at 400 °C with a slow 

ramping rate (1 °C/min), and calcined for 4 h in air to achieve the final product (ZnCl2-

modified OMA supports) with optimized Al:Zn molar ratio of 8:1.  

5.2.2. Catalysts preparation and metathesis reaction 
The prepared ZnCl2-modified OMA supports were impregnated with 3 wt.% of MTO. 

Various supports synthesized using different aluminum precursors and carboxylic acids 

were used, and numerous tests were performed for each catalyst support. Methyl oleate 

self-metathesis was performed under previously optimized conditions (under atmospheric 

pressure at 45°C) used for the evaluation of the catalytic performance of conventional 

MTO-based catalysts [657]. The methyl oleate conversion as well as reaction products 

identification and quantification were conducted through GC and GC-MS analysis using 

highly pure commercial standards as described previously [657]. 

5.2.3. Characterization of the prepared materials and surface 
properties 
Physical properties of calcined samples including the BET specific surface area, total 

pore volume and BJH pore diameter distribution were measured by nitrogen 

adsorption-desorption using a volumetric adsorption analyzer (Model Autosorb-1, 

Quantachrome Instruments). The hexagonal crystalline structure of the calcined 

ZnCl2-modified alumina samples were characterized by powder X-ray diffraction 

(XRD). Small-angle X-ray scattering (SAXS) patterns were recorded using Ultima 

III Rigaku monochromatic diffractometer (Model D/MAX-2200). Transmission 

electron microscopy (TEM, JEM-1230 electron microscope) was performed in order 

to examine the structure of the materials' porous network. The samples 

microstructures and morphologies were observed using a scanning electron 

microscope (SEM, JEOL model JSM-840A), while the elemental composition and 

the Al:Zn atomic ratios in the synthesized materials were determined using energy 

dispersive X-ray spectrometry (EDX, JEOL model JSM-840A). X-ray photoelectron 

spectroscopy (XPS, AXIS ULTRA from Kratos Analytical) measurements were 

conducted to identify the materials surface species and their oxidation/coordination 

states, as well as to confirm the elemental composition and the Al:Zn atomic ratios 
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geometry [676, 716]. Table 10 summarizes the physical properties and porosity parameters 

of the synthesized ZnCl2-modified OMA supports.  

Table 10: Physical properties and porosity parameters obtained for the synthesized ZnCl2-

modified OMA supports 

ZnCl2-modified OMA 
supports samples 

Acid Aluminum 
precursor 

Synthesis 
approach 

SBET
a 

(m2 g-1) 
PV

b 

(cm3 g-1) 
dBJH

c (nm) 
 
 

ZnCl2-OMA-1 (OP1) Citric Al(OBus)3 One-pot 307 0.42 3.8 
Two-stepe 316 0.44 3.8  

ZnCl2-OMA-2 (OP2) Tartaric Al(OBus)3 One-pot 203 0.30 3.8 and 5.6 
Two-stepe 154 0.26 3.8  

ZnCl2-OMA-3 (OP3) Fumaric Al(OBus)3 One-pot 299 0.41 3.8 
Two-stepe 214 0.31 3.8 

ZnCl2-OMA-4 (OP4) Oxalic Al(OBus)3 One-pot 282 0.36 3.8 
Two-stepe ND ND ND 

ZnCl2-OMA-5 (OP5) Maleic Al(OBus)3 One-pot 238 0.27 3.4 
Two-stepe ND ND ND 

ZnCl2-OMA-6 (OP6) Malonic Al(OBus)3 One-pot 252 0.27 3.4 
Two-stepe ND ND ND 

ZnCl2-OMA-8  (OP8) Citric Al(OBut)3  One-pot 358 0.67 3.8 and 5.6 
Two-stepe 239 0.41 4.9 

ZnCl2-OMA-9  (OP9) Tartaric Al(OBut)3  One-pot 307 0.44 3.8 
Two-stepe 257 0.44 5.6 

ZnCl2-OMA-10 (OP10) Citric Al(OPri)3 One-pot 232 0.47 7.7 
Two-stepe 241 0.38 3.8 and 4.9 

ZnCl2-OMA-11  (OP11) Tartaric Al(OPri)3 One-pot 219 0.38 3.8 et 4.9 
Two-stepe 190 0.39 5.7  

ZnCl2-OMA-12  (OP12) Citric Al(NO3)3•9H2O One-pot 201 0.39 3.8 and 4.9 
Two-stepe 139 0.40 3.8 and 6.5 

ZnCl2-OMA-13 (OP13) Tartaric Al(NO3)3•9H2O One-pot 226 0.41 3.8 et 5.6 
Two-stepe 222 0.46 3.8 

ZnCl2-OMA-14 (OP14) Malonic  Al(OBut)3  One-pot 224 0.41 3.8 
Two-stepe ND ND ND 

ZnCl2-OMA-15 (OP15) Malonic Al(OPri)3 One-pot 181 0.23 3.4 
Two-stepe ND ND ND 

ZnCl2-OMA-16 (OP16) Oxalic Al(OPri)3 One-pot 234 0.46 3.8 and 6.5 
Two-stepe ND ND ND 

ZnCl2-OMA-17 (OP17) Acetic Al(OPri)3 One-pot 199 0.32 3.8 and 4.9 
Two-stepe ND ND ND 

ZnCl2-OMA-18 (OP18) Maleic Al(OPri)3 One-pot 159 0.34 3.8 and 6.5 
Two-stepe ND ND ND 

ZnCl2-OMA-19 (OP19) Malonic Al(NO3)3•9H2O One-pot 183 0.33 3.8 
Two-stepe ND ND ND 

aBET specific surface area (m2 g-1). bBJH pore volume (cm3 g-1) determined at P/P0 = 0.997. cBJH average pore diameter (nm). dAl:Zn 
atomic ratio of 8:1 determined by EDX analysis. ND: not determined. eBET-BHJ results obtained previously.[657] 
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Moderate to relatively large BET surface area and pore volume were obtained, up to 358 m2 

g-1 and 0.67 cm3 g-1, respectively. In addition, nearly all the samples displayed uniform 

narrow pore size distribution with a mean diameter from 3.4 to 6.5 nm. However, some 

analyzed samples present some secondary porosity (Table 10). 

These results suggest that ZnCl2 can be successfully doped inside the mesopores of OMA 

along with the formation of the desired organized mesostructure. As mentioned above, the 

one-pot syntheses were performed using distinct aluminum precursors and carboxylic acids 

in order to generalize the synthesis procedure and verify it's reproducibly. Therefore, we 

used the same precursors (Al(OBus)3, Al(OPri)3, Al(OBut)3 and Al(NO3)3·9H2O,) and acids 

(citric, tartaric, fumaric, oxalic, malonic, maleic and acetic acids) that we previously used 

for the synthesis of catalytic ZnCl2-modified OMA supports through conventional two-

steps process [657]. As depicted in Figure 31 and Table 10, we successfully prepared 

various ZnCl2-modified OMA supports samples using different carboxylic acids, while no 

significant differences were observed in their physical properties and their porosity 

parameters. Furthermore, the targeted organized ZnCl2-modified OMA supports were 

successfully obtained upon the use of different aluminum precursors with no significant 

shift as illustrated in Table 10 and Figure 32. This similarity is ascribed to the identical 

behavior of the investigated precursors and acids, suggesting that the different carboxylic 

acids tested exhibit similar coordination abilities with the metal centers (Al) via 

monodentate or bridging bidentate modes during the mesophase formation pathway [657, 

675]. On the other hand, the investigated aluminum precursors proved also similar 

chelation abilities of their metallic centers (Al) with both the templating agent (Pluronic 

F127) fragments and the added carboxylic acids used as organic-inorganic interfacial 

protectors assisting the ordered self-assembly process. This kind of organized assembly is 

tailored by means of several interfacial interactions including covalent and hydrogen 

bonding as well as van der Waals interactions, which play a pivotal role in the mesophase 

construction [586, 677].  
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In a good agreement with the results illustrated from the SAXS and N2 adsorption-

desorption analyses (Figures 31-33), the TEM micrographs (Figure 34) confirm the 

presence of hexagonal ordering in the prepared one-pot mesoporous ZnCl2-modified OMA 

supports. Furthermore, as evidenced by SAXS and N2 adsorption-desorption 

measurements, highly ordered 2-D hexagonal mesostructure was successfully obtained 

upon the use of different aluminum precursors and diverse carboxylic acids as depicted in 

Figure 34. The extremely well-ordered hexagonal arrangement of tubular mesopores along 

the [001] direction, and the alignment of uniform and non-interconnected cylindrical 

mesopores along the [110] direction are observed in all analyzed ZnCl2-modified OMA 

supports samples. In addition, the diameter of the cylindrical mesopores as observed from 

the TEM micrographs was around 5 nm, which is in agreement with the obtained N2 

adsorption-desorption data. The observed organized structure of the materials prepared 

through one-pot process was similar to that observed for the ZnCl2-modified OMA 

supports samples prepared using the conventional two-steps process [657]. The TEM data 

confirm again that the presence of ZnCl2 during the mesophase formation does not alter the 

organized assembly of the alumina during the templating and the calcination process, and 

preserves the organized alumina framework. 

5.3.1.3.2. Scanning electron microscopy (SEM) observations 
To probe into the morphological features of the synthesized ZnCl2-modified OMA 

supports, the prepared samples were examined by SEM. Figures 35a-d show plane-view 

SEM images of the ZnCl2-modified OMA supports samples. The mesoporous ZnCl2-

modified OMA supports' microparticles exhibit a non-uniform three-dimensional (3D) 

architecture ranging from cuboid-like to plate-like shaped morphologies resulting from 

irregular crystal growth via assembly-aggregation of several nanocrystals. Thus, the 

observed microparticles have a non-uniform particle size distribution varying from 20 to 50 

μm with gaps between crystals (Figures 35a-d). However, a relatively smooth particle 

surface is obtained, suggesting the excellent incorporation of ZnCl2. The ZnCl2-modified 

OMA supports prepared using the conventional two-steps process was previously found to 

have smaller microparticles with less regular shape and morphology, which was ascribed to 

the mechano-chemical dislocation effect occurred during the ZnCl2 impregnation step 

[657].  
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Unlike the two-steps conventional approach, the newly designed one-pot process led to 

efficient and homogeneous incorporation of ZnCl2 particles in the OMA matrix. However, 

we believe that the presence of ZnCl2 in the surfactant micelle before thermal treatment is 

among the reasons that led to relatively larger particles (compared to two-steps process) 

where ZnCl2 is entirely embedded in OMA phase. Furthermore, as shown from previous 

analysis data (XRD, BET and TEM), the use of various carboxylic acids and aluminum 

precursors did not result in any significant morphology changes (Figures 35a-d). 

5.3.1.4. Elemental analysis: energy-dispersive X-ray spectroscopy (EDX) 

As depicted in Figures 35e-h displaying the EDX spectra obtained for the prepared one-pot 

ZnCl2-modified OMA supports samples, O and Al sharp signals were detected along with 

Zn and Cl signals which belong to Al2O3 and ZnCl2 species, respectively. These elements 

were detected for all the analyzed samples synthesized using various carboxylic acids and 

aluminum precursors. These results show again the efficiency of the in situ incorporation of 

ZnCl2 into OMA. Additionally, Au, Pd and C signals were detected (Figures 35e-h), which 

are due to residuals of the Au/Pd and C films used for the specimens preparation for 

analysis. 

5.3.1.5. X-ray photoelectron spectroscopy (XPS) measurements 

To precisely determine the elemental composition of the ZnCl2-modified OMA supports as 

well as the electronic state and environment of the detected elements (Al, O, Zn and Cl) and 

the bonding configurations of the related species, X-ray photoelectron spectroscopy (XPS) 

measurements were conducted. The XPS spectra obtained are displayed in Figure 36. The 

survey spectrum (Figure 36a) possesses four main peaks centered at around 75 eV, 200 eV, 

530 eV and 1020 eV, which are assigned to Al, Cl, O and Zn species, respectively. These 

elements are attributed to ZnCl2 and Al2O3 phases. Similar compositions were found in the 

analyzed samples prepared using different carboxylic acids and aluminum precursors (see 

Figure 39 in the supporting information), without any significant effect of these 

experimental conditions. Moreover, in all analyzed samples, the calculated Cl : Zn ratios 

from the survey spectra obtained were always found to be lower than the nominal 2 : 1 

atomic ratio for the incorporated ZnCl2, where higher Zn amounts were detected compared 

to Cl (Cl/Zn ~ 0.61-0.68). These results suggest that in addition to ZnCl2 and Zn-Cl species, 
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the samples contain further Zn-containing species like bridging Al-O-Zn-O-Al or Zn(OH)2 

species. However, thermal decomposition of ZnCl2 may partially occur at higher annealing 

temperatures [657]. The decovolution of each element spectrum is then necessary to 

investigate the exact species formed in the surface and the framework of the prepared one-

pot ZnCl2-modified OMA supports. 

The Al 2p spectrum displayed in Figure 36b revealed the presence of one component, the 

peak at 74.4 eV corresponds to Al present in the Al2O3 phase [680, 717]. Subsequently, the 

O 1s spectrum (Figure 36c) can be deconvoluted into two components. Two peaks with 

similar intensities are observed at 531.2 eV and 532.5 eV, which are attributed to bulk 

oxygen present in the Al2O3 lattice (Al-O-Al) and higher concentration hydroxyl groups 

(Al-O-H) present in the Al2O3 materials surface, respectively [680, 718-720]. The absence 

of a third peak at higher Binding Energy (BE) indicates that no molecular H2O is 

physisorbed at this temperature [720]. These binding energy values are slightly higher 

compared to those reported for the pure alumina materials [657]. This could be due to the 

presence of ZnCl2 and its interactions with the species present in the alumina phase, which 

leads to a slight change in the electronic environment of these elements. The hydroxyl 

group peak at 532.5 eV may also correspond to the Zn(OH)2 species that results from ZnCl2 

interaction with alumina surface [721]. However, the O 1s XPS data obtained previously 

for the two-steps prepared ZnCl2-modified OMA supports showed a lower intensity 

(amount) of Al-O-H peak compared to that of Al-O-Al [657]. On the other hand herein the 

two peak intensities are quite equal. This could be due to elimination on the second 

calcination step which helps avoiding further dehydroxylation of alumina surface. The zinc 

species bonding configurations were also investigated. The Zn 2p3/2 spectrum (Figure 36d) 

shows one component with a sharp peak at 1022.1 eV, which could be assigned to distinct 

Zn2+ species including Zn-O, ZnCl2 or Zn(OH)2 [657, 685, 722]. We then studied the Cl- 

spectrum (Figure 36e). The spectrum can be deconvoluted into two components; a well-

defined peak at 198.9 eV and a smaller peak at 200.5 eV correspond to Zn-Cl 2p3/2 and Zn-

Cl 2p1/2 species, respectively [657, 684, 722]. In addition to the possible Zn-containing 

species like bridging Al-O-Zn-O-Al or Zn(OH)2 species, the Zn-Cl species are likely 

bonded to the alumina surface through interactions with surface hydroxyl groups.  
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with alumina only. Zinc aluminate (ZnAl2O4) and zinc oxide (ZnO) are the most likely 

phases to be obtained under such conditions. Fortunately, the XPS measurements are clear 

evidence that no ZnAl2O4 phase was formed along with the ZnCl2-modified OMA supports 

phase. If ZnAl2O4 phase was present, the XPS analysis would show a single O 1s 

component associated with a peak at 531.4 eV, while Zn 2 p3/2 and Zn 2 p1/2 peaks would 

appear at 1044.9 eV and 1021.5-1021.9 eV, respectively [682, 723].  

Similarly, no evidence of formation of zinc oxide phase (ZnO) was found, which is 

characterized by Zn 2 p3/2 and Zn 2 p1/2 peaks at 1021.5 eV and 1044.6 eV [682]. It is worth 

to mention that even if ZnCl2 thermal decomposition is possible, the resulted Zn is likely 

converted into the species cited above, while no trace of elemental Zn were found in the 

analyzed samples which can result in two Zn 2 p3/2 and Zn 2 p1/2 peaks at lower BE values 

of 1021.4 eV and 1044.5 eV, respectively [682].  

5.3.1.6. Solid-state NMR spectroscopy analysis 

5.3.1.6.1. 1H MAS NMR  
After performing several characterizations that evidenced the formation of hexagonally 

organized mesoporous alumina materials doped with ZnCl2 species, further characterization 

must be conducted to investigate the nature of interactions and intimate contact occurring 

on the alumina- ZnCl2 interface. Therefore, we performed 1H MAS NMR experiments to 

evaluate the ZnCl2 bonding with alumina surface. Figure 37 shows the 1H MAS NMR 

spectra of several ZnCl2-modified OMA supports samples in which three broad resonance 

peaks were displayed. The first peak at 1.8 ppm is attributed to the protons of the basic 

terminal hydroxyl groups present on the ZnCl2-modified OMA supports surface [687]. The 

second peak at 3.9 ppm is assigned to the protons of the acidic bridging hydroxyl groups 

also present on the ZnCl2-modified OMA supports surface [687]. Both basic and acidic 

groups present moderate strength [638, 687]. However, unlike the XPS measurement which 

showed no evidence of the presence of physisorbed water on the ZnCl2-modified OMA 

supports surface (O 1s spectrum, Figure 36c), the 1H MAS NMR analysis revealed the 

presence of moisture trace on the analyzed samples. Therefore, the third peak at 4.2 ppm 

corresponds to the hydrogen-bonded water which is physisorbed on the ZnCl2-modified 

OMA supports surface [687, 688]. The use of various aluminum precursors and diverse 
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to the formation of various Al-O-Zn-Cl species [657], the in situ incorporation of ZnCl2 did 

not lead to total neutralization of  the basic terminal hydroxyl groups (1.8 ppm). These 

results do not exclude the usual preferential interaction of the ZnCl2 with basic terminal 

hydroxyl groups, which may lead to a loss in Brønsted acidity [430-432, 634, 657, 688]. 

However, this may suggest that the elimination of a second calcination step at 400 °C may 

enhance the concentration of the surface hydroxyl groups, as a result of avoiding further 

dehydroxylation of alumina surface under such high thermal treatment conditions. On the 

other hand, the elimination of this second calcination step may be the reason behind the 

detection of the physisorbed water trace in almost all analyzed samples (Figure 37, see also 

Figure 40-42). 

Ultimately, combination of XPS and 1H MAS NMR data suggests that various Al-O-Zn-

Cl/Al-O-Zn-O-Al surface species can be formed through interaction of ZnCl2/Zn-Cl/Zn 

components with either basic terminal hydroxyl groups, acidic bridging hydroxyl groups or 

both. 

5.3.1.6.2. 27Al MAS NMR 
27Al MAS NMR analysis was conducted to investigate the Al environment and the changes 

related to the in situ ZnCl2 incorporation. Figure 38 shows the various coordination 

detected for Al species in the analyzed as-prepared (uncalcined) and calcined ZnCl2-

modified OMA supports samples. A single sharp resonance peak was observed at around 0 

ppm for the as-prepared sample (Figure 38a). This suggests that the uncalcined sample 

mainly contains octahedral Al3+ species. This peak can be associated with the presence of 

the AlOOH boehmite intermediate phase [689, 690], which will be then converted to 

alumina phase after annealing. Afterwards, the calcined ZnCl2-modified OMA supports 

samples were analyzed. The 27Al MAS NMR spectra displayed in Figures 38b-e show a 

change of Al species coordination. We then observed the rise of one sharp and two broad 

resonance peaks (Figure 38b-e). The major well-defined resonance peak centered at 3 ppm 

is attributed to the octahedral Al3+ species in the alumina phase (AlO6) [601, 690]. 

Subsequently, the two broad minor resonance peaks centred at 32 and 63 ppm (Figures 

38b-e) correspond to the penta- and tetrahedral Al3+ species in the alumina phase (AlO5, 

AlO4), respectively [690]. As reported recently in our work, this conversion of the 
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It is worth to mention that unlike alumina phase, the 27Al MAS NMR spectra of the 

ZnAl2O4 spinel obtained under similar thermal conditions (300-500 °C) exhibits a single 

peak around 0 ppm which is characteristic of Al3+ ions occupying AlO6 sites [724].  

In comparison, the ZnCl2-modified OMA supports samples prepared using the two step 

process resulted in AlO5 and AlO6 resonance peaks with relatively similar intensities [657]. 

Herein, we observe that the AlO5 resonance peaks have lower intensities compared to those 

of the AlO6 resonance peaks (Figure 8, see also Figures 43-45), indicating the lower 

number of AlO5 sites.  

This suggests that the in the one-pot prepared ZnCl2-modified OMA supports the ZnCl2 

was preferably doped on these sites. This suggestion is in a good agreement with the earlier 

speculation about the distribution of the Al3+ species in the alumina matrix; where it has 

been proposed that AlO6 sites are found in the bulk of the alumina inorganic framework 

walls, while the AlO4 and AlO5 sites are likely on the surface [601]. A similar phenomenon 

was recently observed for the Cu-Al2O3 system [693]. 

5.3.2. One-pot formation of the ZnCl2-modified OMA 
In our previous work we showed that the organized self-assembly of the alumina 

mesophase in governed by the complexation effect of the interfacial protectors 

(carboxylic acids) [657]. Subsequently, and based on the characterizations data, 

particularly XPS and MAS NMR, herein we propose a similar mechanism for the 

formation of well-dispersed zinc species within the OMA channels via a one-pot 

process. The HCl is required to adjust the solution pH; however the strong 

interaction of Cl- with Al sites can lead the organized assembly to collapse during 

the sol-gel process. Thus, carboxylic acids play a major role to prevent this 

phenomenon by interaction of their carboxylate fragments with the Al centers during 

the self-assembly process though monodentate or bridging bidentate modes. 

Meanwhile, the added zinc precursor migrates inside the Pluronic F127 surfactant 

micelles during the evaporation-induced self-assembly process [725, 726]. 

Therefore, the removal of the organic molecules via calcination at high temperatures 

leads to simultaneous mesoporous channels formation and grafting of zinc species 
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Also, we have chosen methyl oleate as the model substrate to verify both the catalyst 

tolerance for bulky functionalized molecules (functional groups) as well as the mesoporous 

network for bulky functionalized molecules diffusion abilities (Scheme 13).  

The experiments were carried out under similar conditions of temperature (45 °C) and 

pressure (atmospheric pressure) during 90 min of reaction time, to those we previously 

optimized for the same class of catalyst and reaction [430, 431, 657].  

In order to highlight the advantage of the newly prepared ZnCl2-modified OMA supports as 

catalytic supports for MTO, an extended comparison with other alumina-based catalytic 

support we previously synthesized and used for the design of the MTO-based catalyst is 

presented (Table 11). 

Several one-pot prepared supports were used and numerous experiments were performed 

for each supports in order to investigate their performance and verify the reproducibility of 

the process. The data reported in Table 11 (Entry 1, 3, 5 and 7) are average values for 

several metathesis reaction experiments conducted for similar catalysts supported over 

ZnCl2-modified OMA supports prepared with the same aluminum precursors and 

carboxylic acids.  

The other alumina supports used for comparison include the ZnCl2-modified (Table 11, 

Entry 8) and unmodified (Table 11, Entry 9) conventional wormhole-like alumina those we 

have reported earlier [430-432]; as well as the well-ordered hexagonal ZnCl2-modified 

OMA supports prepared via two steps process those we have also recently reported (Table 

11, Entry 2, 4 and 6) [657]. Also the newly one-pot prepared ZnCl2-modified OMA-based 

heterogeneous metathesis catalyst performance (Table 11, Entry 1, 3, 5 and 7) has been 

compared to that of the homogeneous commercially available and widely used 2nd 

generation Grubbs catalyst (Table 11, Entry 10). 
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Table 11: Catalytic performance for methyl oleate self-metathesis over heterogeneous 3 

wt.% MTO/ZnCl2-OMA catalysts supported on organized mesoporous alumina (ZnCl2-

modified OMA) prepared via two-steps or one-pot process. And comparison with 

metathesis reaction performance of 3 wt.% / meso-Al2O3 and homogeneous 2nd generation 

Grubbs catalyst. 

  
 
Catalysta 

 
 

Conv 

(%)b 

Metathesis reaction products 
(%)c 

 

 
 

DMP 

(%)d 

 
 

Se 

 
 
Ref. 
 
 

Entry (1) 

trans 
(1) 
cis 

(2) 
trans 

(2) 
cis 

(3) 

1 3 wt.% MTO/ZnCl2-
OMA-1 (op: OP1): 
Al(OBus)3 + Citric  

80,2 13,7 12,7 14,9 6,9 32,0 48,2 

1.51 

This work 

2 3 wt.% MTO/ZnCl2-
OMA-1 (ts): 
Al(OBus)3 + citric 

78.2 15.5 14.3 9.1 4.3 35.0 43.2 

1.23 

Abidli et al. 
[657] 

3 3 wt.% MTO/ZnCl2-
OMA-2 (op: OP2): 
Al(OBus)3 + Tartaric 

93,6 48,8 17,1 5,4 2,4 19,9 73,7 

3.70 

This work 

4 3 wt.% MTO/ZnCl2-
OMA-2 (ts): 
Al(OBus)3 + tartaric 

88.2 29.3 8.5 12.9 4.6 32.9 55.3 

1.68 

Abidli et al. 
[657] 

5 3 wt.% MTO/ZnCl2-
OMA-11 (op: OP11): 
Al(OPri)3 + Tartaric 

86,7 34,8 9,4 9,1 2,5 30,9 55,8 

1.81 

This work 

6 3 wt.% MTO/ZnCl2-
OMA-11 (ts): 
Al(OPri)3 + tartaric 

87.4 31.8 8.9 14.1 2.4 30.2 57.2 

1.89 

Abidli et al. 
[657] 

7 3 wt.% MTO/ZnCl2-
OMA-9 (op: OP9): 
Al(OBut)3  + Tartaric 

79,8 14,1 13,2 13,6 6,4 32,5 47,3 

1.46 

This work 

8 3 wt.% MTO/ZnCl2-
meso-Al2O3 (ts): 
(Al(OBus)3) 

86.7 24.4 8.3 16.2 3.6 34.3 52.4 

1.53 

Pillai et al. 
[430-432] 

9 3 wt.% MTO/meso-
Al2O3: (Al(OBus)3) 

2.4 0.2 0.3 0.2 0.3 1.4 1.0 
0.71 

Pillai et al. 
[430-432] 

10 2nd generation 
Grubbs catalyst 

89.6 20,1 3,9 21,0 4,2 40,4 49,2 
1.22 

Pillai et al. 
[430-432] 

ameso-Al2O3 represents the wormhole-like mesoporous alumina.  
bConv.: conversion.  
cThe numbers appearing for the metathesis reaction products 1, 2, and 3 (Scheme 13) are expressed in terms of individual product yield 
(yieldi).  
dDMP: desired metathesis reaction products. 
eS: the selectivity. 
op: ZnCl2-modified OMA supports prepared through one-pot process. ts: ZnCl2-modified OMA supports prepared through two-steps 
process. 
 
Briefly, the addition of ZnCl2 to alumina supports was found to offer a great catalytic 

promoting effect for the metathesis reaction [430-432]. The unmodified wormhole-like 

alumina supports showed the weakest metathesis reaction performance among all tested 
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catalysts, while their promoted counterparts showed much more enhanced catalytic 

performance (Table 11, Entry 8) [430-432]. Recently, ZnCl2-modified OMA supports were 

shown to be the most suitable support of MTO-based catalysts showing relatively better 

methyl oleate conversions [657]. In all cases methyl oleate self-metathesis leads to the 

formation of both desired metathesis reaction products including 9-octadecene and 

dimethyl-9-octadecene-1,18-dioate (Scheme 13) as well as undesired product (methyl 

elaidate, Scheme 13). However, using the ordered alumina supports, improved selectivity 

was reached towards the desired metathesis reaction products (Table 11, Entry 2, 4 and 6). 

More interestingly, it was demonstrated that the new catalyst design based on organized 

mesoporous network has an enormous effect on improving the reaction rate for the 

conversion of such bulky functionalized molecule (methyl oleate) [657]. This enhancement 

is attributed to the absence of diffusion limitations of substrates and metathesis reaction 

products within the ordered cylindrical mesopores of these supports compared to the 

disordered and interconnected pores of the wormhole-like alumina supports where 

molecular diffusion limitations and blocking effects may occur. All these features were also 

provided using similar one-pot synthesized ZnCl2-modified OMA supports, which offered 

also better activity than the MTO-based catalysts supported over ZnCl2-modified and 

unmodified wormhole-like alumina (Table 11). 

The catalytic performance of the successfully prepared ZnCl2-modified OMA supports via 

a one-pot synthesis process studied in this work was also compared to the performance of 

the ZnCl2-modified OMA-based catalysts previously prepared through two steps process. 

Interestingly the one-pot prepared ZnCl2-modified OMA supports were found to be the best 

catalytic supports for MTO. Metathesis reaction data displayed in Table 11 (Entry 1, 3, 5 

and 7) show higher catalytic performance including methyl oleate conversion (up to 

93.6%), desired metathesis reaction products yield (up to 73.7 %) and selectivity (up to 

3.7), using these catalytic supports. For the structure-activity correlation, we believe that 

this enhanced performance may arise from various factors. Firstly, the newly one pot-

prepared ZnCl2-modified OMA supports exhibit larger BET surface area (Table 10) 

compared to the two steps-prepared ZnCl2-modified OMA supports. The lower BET 

surface area of the later is due to the subsequent calcination step and pore filling with ZnCl2 

upon modification, which alter their textural properties. The BET specific surface area was 
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dramatically dropped upon incorporation of ZnCl2 [657]. On the other hand, during the one 

pot synthesis of ZnCl2-modified OMA supports this additional annealing step was avoided 

with in situ impregnation of ZnCl2. This is in a good agreement with several studies 

showing that supported catalysts' activity is often proportional to the specific surface area 

of these catalysts [643, 727-733]. Furthermore, higher BET surface area favors better 

dispersion of supported MTO species, which improves the concentration and availability of 

metathesis active species and intermediates allowing more efficient use of exposed 

supported MTO molecules. Secondly, unlike the two steps synthesis process, avoiding a 

second calcination step during the one-pot preparation process reduces the dehydroxylation 

of the alumina surface as illustrated above in XPS and MAS NMR sections. Along with 

this, we showed that ZnCl2 is incorporated on the alumina via interactions with surface 

hydroxyl groups. As a result, inhibited dehydroxylation may allow better incorporation of 

Zn active intermediates which are crucial for the MTO metathesis catalytic action, 

displaying a key synergetic effect. Finally, we believe that the single-step approach allow 

simultaneous zinc species deposition and mesopores walls formation, releasing more 

homogeneous and well-dispersed zinc species on the OMA surface. Moreover, this 

simultaneous process may result in a confinement effect of ordered mesochannels of OMA 

inhibiting Zn species aggregation and growth. This agglomeration phenomenon may likely 

occur during the two steps synthesis which restricts Zn species interactions with alumina 

surface and limits their availability for the catalytic process. It is also worth to mention that 

the separate wet impregnation method during the two-steps synthesis was found to alter the 

textural and morphological properties of the OMA (mechano-chemical effect), along with 

formation of ZnCl2 aggregates, as revealed by SEM images [657].  

The results are very exciting showing higher performance, even better than those obtained 

with the traditional highly active 2nd generation Grubbs catalyst (Table 11, Entry 10), with 

slightly better methyl oleate conversion (93.6% vs. 89.6%), but exhibiting much more 

selectivity towards desired metathesis reaction products (73.7% vs. 49.2%). It is worth to 

mention that we previously showed that the OMA-supported MTO-based catalysts was 

found to exhibit fast kinetics [657], comparable to that observed over the Grubbs catalyst 

[431], with the possibility of recycling and reuse for further metathesis reaction runs. 
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In addition to the enhanced catalytic activity of the MTO-based catalysts using the newly 

prepared ZnCl2-modified OMA supports, this one-pot synthesis process presents further 

advantages. Economically, compared to the two-steps process, this process allowed a 

reduced use of solvents. Also, it reduces energy consumption through elimination of 

additional evaporation and calcination steps, while reducing enormously the preparation 

time. More interestingly, using the one-pot process, higher synthesis yields were reached, 

obtaining almost 75% higher amounts of ZnCl2-modified OMA supports in weight, than 

those obtained using the two-steps process. This was mainly attributed to limitation of 

weight loss during the two subsequent calcination processes. 

5.4. Conclusions 
A novel straightforward one-pot sol-gel synthesis approach for zinc-doped well-organized 

mesoporous alumina preparation was developed. In situ ZnCl2 incorporation was 

successfully achieved along with the formation of ordered alumina mesoporous network. 

Based on XPS data, ZnCl2 was impregnated via interaction with surface hydroxyl groups. 

Furthermore, the XPS measurements confirmed that Al-O-Zn-Cl were the major surface 

species formed upon ZnCl2 interaction with surface hydroxyl groups. Moreover, in order to 

establish an efficient low-cost production process, this rapid and sustainable methodology 

was found to be suitable even when using inexpensive aluminum precursors such as 

aluminum nitrate nonahydrate. The use of various aluminum precursors and carboxylic acid 

did not result in any significant difference between the prepared materials due to the similar 

self-assembly pathway during the sol-gel synthesis. Furthermore, the materials prepared via 

the one-pot route exhibited higher BET surface area compared to the conventionally two 

steps synthesized materials. Outstanding arrangement of the mesopores was observed by 

TEM micrographs. Not surprisingly, these materials with such enhanced features exhibited 

better catalytic performance for methyl oleate self-metathesis when used as support for the 

MTO-based catalysts. Avoiding the second calcination step, which is usually performed 

during the conventional synthesis, led to a limited dehydroxylation phenomena. Thus, 

materials with enhanced hydroxyl group concentration and availability on the alumina 

surface were obtained, which was a key factor for an effective incorporation of ZnCl2 and 

MTO species. Therefore, a better catalytic performance was reached. This might promise 



 

151 
 

further catalytic applications of these well ordered supports. On the other hand, rather than 

modified-alumina, the successful one-pot strategy could be extended and stimulate further 

attempts to prepare other functional materials that are conventionally prepared through 

laborious multistep processes, especially, doped or modified functionalized mesoporous 

materials that are widely used in catalysis. This successful methodology is a step forward 

towards an easy and efficient scalability. 
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Résumé  
L'alumine mésoporeuse ordonnée (AMO) hexagonale fonctionnalisées avec du ZnCl2 a été 

préparé en utilisant les deux processus; celle en plusieurs étapes et celle en une seule étape. 

Puis, le méthyltrioxorhénium (MTO) a été supporté sur ces matériaux mésoporeux. Les 

catalyseurs MTO/ZnCl2-AMO ont été caractérisés par adsorption-désorption d'azote, DRX, 

MET, MEB, ADESF, et l' SPX. Les deux supports catalytiques ont permis de générer la 

même espèce active à base de Re sur la surface pour effectuer la métathèse catalytique. 

Toutefois, les caractéristiques des supports ZnCl2-AMO synthétisés en une seule étape ont 

été améliorées, y compris une surface BET supérieure (jusqu'à 358 m2 g-1), une 

concentration plus élevée des groupes hydroxyles sur la surface, ainsi que la dispersion 

uniforme d'espèces de zinc conduisant à une meilleure performance catalytique du MTO. 

Ces catalyseurs ont atteint une conversion de l'oléate de méthyle plus élevée (jusqu'à 94%) 

avec une sélectivité améliorée vers les produits de métathèse désirés (jusqu'à 74%). Les 

structures organisées des catalyseurs manifestent une stabilité remarquable après 

l'imprégnation du MTO ainsi qu'après la réaction de métathèse. En se basant sur les 

analyses des sites actifs de surface et des composés du mélange réactionnel, un mécanisme 

global de la formation de tous les produits de métathèse est proposé. Un cycle catalytique 

complet pour la génération des espèces actives de Re est aussi proposé. 
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Abstract 
ZnCl2-modified hexagonally ordered mesoporous aluminas have been prepared using two-

steps and one-pot processes. Then MTO has been supported on these mesoporous 

materials. The 3 wt.% MTO/ZnCl2-OMA catalysts were characterized by N2 adsorption-

desorption, XRD, TEM, SEM, EDX, and XPS analysis. It was found that both catalytic 

supports helped to generate the same metathesis catalytic active surface Re species. 

However, the improved features of the one-pot synthesized ZnCl2-modified OMA supports 

including higher BET surface (up to 358 m2 g-1), higher surface hydroxyl groups' 

concentration as well as the uniform dispersion of zinc species led to enhanced MTO-based 

catalysts performance. These catalysts reached higher methyl oleate conversion (up to 94%) 

with improved selectivity towards desired metathesis reaction products (up to 74%). The 

catalysts organized structure manifested a remarkable stability after MTO impregnation as 

well as after metathesis reaction run. Based on the analysis of surface active sites and 

reaction mixture compounds, a comprehensive mechanism of the formation of all 

metathesis reaction products and a full catalytic cycle for the Re-species generation are 

proposed.  

 

Keywords: functionalized ordered mesoporous alumina; supported metathesis catalyst; 

methyl oleate; one-pot synthesis; MTO 
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6.1. Introduction 
Metathesis reaction is among the most sustainable catalytic transformations with high atom 

efficiency through the reorganization of the substrates fragments offering access to a 

variety of valuable molecules via formation of C-C double bonds [734]. Metathesis reaction 

can be conducted within various approaches including self-metathesis, cross-metathesis, 

ring-closing metathesis, ring-opening metathesis reactions [340], etc. The versatility of this 

synthetic tool is now considered as a key strategy in several fields including organic and 

polymer chemistry [734, 735], especially, towards highly efficient application in total 

synthesis of complexe natural products [736]. The early pioneering work of Chauvin, 

Grubbs and Schrock on olefin metathesis had a great impact on the chemistry science and 

chemical industry[737]; they were jointly awarded the 2005 Nobel Prize in Chemistry [55-

57, 738]. Since the last two decades, impressive progresses have been made in this area, 

and numerous applications took advantage of this versatile carbon-carbon bond-forming 

method [739].  

Both homogeneous and heterogeneous metathesis catalysts development enjoyed an 

impressive growth. Several homogeneous catalysts were developed for this purpose using 

various metallic centers and carbenic ligands. However, the major share of homogeneous 

catalysts is based on ruthenium, tungsten and molybdenum complexes [740, 741]. 

Nowadays, various homogeneous catalysts are commercially available [742]. In addition to 

their solubility is various media including water [743], these homogeneous catalysts are 

generally highly active and easy to modulate (e.g. ligand variation) with deep 

understanding of their mechanism, activity and molecular behavior [744, 745].  

On the other hand, several heterogeneous catalysts were successfully developed for 

metathesis reaction applications such as supported metal oxides including rhenium oxide 

(Re2O7) [746], tungsten oxide (WO3) [747] and molybdenum oxide (MoO3) [748]. 

Similarly to their homogeneous counterparts, heterogeneous metathesis catalysts also 

witnessed a remarkable progress in a sustainable fashion, particularly within the emergence 

of the so-called surface organometallic chemistry (SOMC) concept, which bridges the gap 

between homogeneous and heterogeneous catalysis [360, 424, 429]. This methodology 
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allows the synthesis and identification of highly active and well-defined supported 

alkylidene surface species. Several catalytic supports were used including alumina and 

silica, while various species were grafted on these supports surface such as tungsten [749, 

750], molybdenum [751, 752], tantalum [753-755], chromium [347], ruthenium [756, 757], 

and rhenium-based organometallic complexes [405, 427].  

Among the rhenium-based supported heterogeneous catalysts, MTO was found to exhibit 

excellent metathesis reaction activity with a high stability and functional group tolerance 

[35, 36, 408, 414]. Among various catalytic supports alumina was found to be the most 

suitable support for MTO. Recently, a successful preparation of ZnCl2-modified wormhole-

like alumina-supported MTO-based catalysts was reported [430-432]. The MTO was 

proved to be highly active for both methyl oleate and triolein self-metathesis [430-432]. 

Afterwards, in order to improve the MTO-based catalyst performance, the wormhole-like 

alumina support was replaced with highly organized mesoporous alumina (OMA) support 

[657]. Thus, compared to the conventional wormhole-like alumina, higher reaction rate and 

selectivity towards desired metathesis reaction products were achieved over this newly 

designed MTO-based catalyst for methyl oleate self-metathesis due to the well-ordered 

mesoporous network of the OMA supports [657]. More recently, a new one-pot preparation 

of the ZnCl2-modified OMA supports was designed (Chapter 5) [758]. This new 

methodology offered better supports with enhanced textural and surface properties, which 

led to enhanced metathesis reaction performance of the supported MTO-based catalyst for 

methyl oleate self-metathesis. 

Herein, a comparative study of the different synthesized MTO-based catalysts is presented. 

Full characterization of the catalysts morphology, structure and composition is performed. 

Also, further investigation on the formation of the surface Re-based active species is 

conducted. These extensive characterizations allowed us to propose the full mechanistic 

route to methyl oleate self-metathesis products formation, as well as the catalytic cycle 

showing both productive and non-productive metathesis reaction pathways and the 

regeneration of the Re-based surface species. 
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6.2. Experimental section 

6.2.1. Materials and chemicals 
Pluronic F127 (EO106PO70EO106, MW = 12 600), aluminum isopropoxide Al(OPri)3 

(≥98.0%), aluminum-tri-sec-butoxide Al(OBus)3 (97.0%), citric acid  (≥99.5%), L-

(+)-tartaric acid (≥99.5 %), fumaric acid (≥99.5 %), oxalic acid (˃99.0%), maleic 

acid (≥99.0%), malonic acid (99.0%), acetic acid (≥99.7%), zinc chloride (ZnCl2, 

99.9%), methyltrioxorhenium (VII) (MTO, CH3ReO3 with Re 71.0-76.0 %), oleic 

acid (technical grade) and boron trifluoride-methanol solution (BF3·MeOH, 14% in 

methanol) were purchased from Sigma-Aldrich Canada (Oakville, ON, Canada). 

Aluminum tri-tert-butoxide Al(OBut)3 (97.0%) was purchased from VWR 

International (Mississauga, ON, Canada). Aluminum nitrate nonahydrate 

Al(NO3)3•9H2O (99.9%), hydrochloric acid (HCl, 36.5-38 wt%) and malonic acid 

(≥99.0%) were purchased from Acros Organics (Morris Plains, NJ, USA). 

Cyclohexane (99.9%), hexane (99.0%), and EtOH (99.9%) were purchased from 

Fisher Scientific (Ottawa, Ontario, Canada). All reagents were used as received 

without further purification. All gases used were provided by Praxair at a purity of at 

least 99.995%. 

6.2.2. Catalytic supports synthesis 
The ZnCl2-modified OMA supports were prepared using two different synthesis processes 

that we have recently developed including two-steps (ts) and one-pot (op) processes [657, 

758]. First, the two-steps (ts) process consists on the synthesis of well-ordered hexagonal 

mesoporous alumina (OMA), then functionalization via post-modification using ZnCl2 

(Chapter 4) [657]. For the second synthesis process we have recently developed a rapid 

one-pot (op) preparation of ZnCl2-modified OMA supports [758]. This methodology 

consist on a combined sol-gel and in situ wet impregnation processes (Chapter 5) [758]. For 

both synthesis methods, we used Pluronic F127 as templating agent in anhydrous EtOH. 

Carboxylic acid acids were used as complexation agents, while HCl was used as a solution 

pH adjustor. Various aluminum precursors were used in addition to ZnCl2. Solvent removal 

was performed in a drying oven at 60 °C, while calcination temperature was set at 400 °C 

in air. Furthermore, in order to generalize and verify the reproducibility of both synthesis 
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methodologies (ts, op) various aluminum precursors including Al(OBus)3, Al(OPri)3, 

Al(OBut)3 and Al(NO3)3·9H2O, were screened along with distinct carboxylic acids (citric, 

tartaric, fumaric, oxalic, malonic, maleic and acetic acids). 

6.2.3. Synthesis of well-defined metathesis catalysts: MTO 
impregnation on well-organized ZnCl2-modified OMA 
MTO impregnation was performed according to the procedure recently reported [430-432]. 

Detailed preparation procedure is described in Chapter 4 (Section 4.2.3). 

6.2.4. Catalysts characterization: detailed experiments and 
instrumentations 
Nitrogen adsorption/desorption isotherms,  specific surface area,  total pore volume 

and pore size distribution curves of the prepared samples were obtained using a 

volumetric adsorption analyzer (Model Autosorb-1, Quantachrome Instruments, 

Boyton Beach, FL) at 77 K. All powder X-ray diffraction (XRD) experiments were 

conducted on an Ultima III Rigaku monochromatic X-ray diffractometer (Cu Kα). 

Transmission electron microscopy (TEM) was conducted using a JEOL JEM-1230 

field emission electron microscope. The microstructure and surface topography of 

the designed catalysts were analyzed by scanning electron microscopy (SEM) using 

JEOL JSM-840A scanning electron microscope. Energy dispersive X-ray analysis 

was carried out by using an EDS spectrometer attached to the SEM to know the 

elemental composition of prepared samples. X-ray photoelectron spectroscopy was 

employed to probe the chemical state of synthesized samples' elements. XPS spectra 

were collected using a Kratos AXIS ULTRA spectrometer with a standard Al Kα 

source (1486.6 eV) and a working pressure of less than 10−7 Torr. Detailed analysis 

experiments and parameters are provided in Chapter 4. 

6.2.5. Methylation of crude oleic acid 
Methyl oleate was chosen as a model molecule for bulky functionalized olefinic substrates 

for metathesis reaction. Thus, pure samples were prepared via methylation of crude oleic 

acid (technical grade). The samples purity was checked (by GC) before their injection in 

the metathesis reaction mixture. 200 mg of oleic acid were loaded in a 4 Dr glass vial, 
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dissolved in 1 mL of hexane, then 1 mL of boron trifluoride-methanol solution 

(BF3•CH3OH, 14%) was added. The mixture was stirred magnetically, and refluxed at 80 

°C for 30 min in a water bath. The mixture was then allowed to cool down to RT, and 2 mL 

of deionized water were subsequently added allowing the aqueous-methanol layer to 

separate. Afterwards, it was extracted five times with hexane (2 mL). The collected organic 

layers were dried over anhydrous sodium sulfate (N2SO4) column. Finally, the solvent was 

removed under reduced pressure, affording methyl oleate as a faint yellow viscous liquid. 

Yield and purity of methyl oleate were determined by GC analysis. 

6.2.6. Methyl oleate self-metathesis reaction 

The synthesized 3 wt.% MTO/ZnCl2-OMA catalysts performance was then evaluated for 

methyl oleate self-metathesis as the model reaction test allowing efficient comparison 

between different catalysts for their metathesis reaction activity with bulky functionalized 

olefins. In a typical experimental metathesis reaction procedure, the as-prepared MTO-

based catalyst was introduced into a nitrogen purged 10 mL flat bottomed batch glass 

reactor equipped with inserted individual thermocouple. The catalyst was then suspended in 

1 mL of hexane, and 750 mg (2.5 mmol) of methyl oleate (in 2 mL of hexane) was added to 

the catalyst under slow N2 flow. Afterwards, the reactor was loaded in the reaction chamber 

in a glove box. The reaction was carried out under controlled dry atmosphere at 45 °C. All 

experiments were carried out at atmospheric pressure for 5h under stirring speed of 600 

rmp to avoid external mass transfer limitations. Finally, the catalyzed metathesis reaction 

was stopped by addition of acetone enabling desorption of the reactants and products from 

the catalytic surface sites and the reactor was cooled to RT. The reaction mixture solution 

was separated from the solid catalyst through syringe filtration using non-sterile 13 mm 

Nylon ChromspecTM syringe filters with 0.2 µm pore size (Chromspec Inc., Brockville, 

ON, Canada), then the solvents were removed under reduced pressure. The obtained final 

reaction mixture was subjected to analysis. 

6.2.7. Metathesis reaction products analysis 
The metathesis reaction products mixture was analyzed quantitatively and qualitatively by 

means of gas chromatography (GC) and gas chromatography-mass spectroscopy (GC-MS). 
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6.2.7.1. Gas chromatography (GC) analysis 

Gas chromatographic analysis was carried out in a Hewlett-Packard (Agilent, Wilmington, 

DE) HP6890 series gas chromatography system with capillary inlet (split-split mode) using 

a constant split ratio of 50:1. The system was equipped with an automatic liquid sampler 

and a flame ionization detector (FID) using BPX-70 capillary column (60 m length × 250 

µm i.d. × 0.25 µm film thickness). Hydrogen was used as carrier gas with a constant flow 

rate of 1.2 mL/min set at a linear velocity of 22 cm/s at 100 °C. The injection port and the 

detector were held at 250 °C and 1 µL sample was injected. The oven temperature profile 

was set at initial temperature of 60 °C; then ramp at 10 °C/min to 190 °C; held for 15 min; 

and then to 240 °C at a ramp of 5 °C/min; and held at this temperature for 10 min, for a 

total run time of 48 min [759]. The metathesis reaction products were identified and 

quantified using commercially available highly pure external standards. 

6.2.7.2. Gas chromatography-mass spectroscopy (GC-MS) analysis 

Gas chromatography-mass spectroscopy characterization of metathesis reaction products 

was carried out using a Hewlett-Packard (Agilent, Wilmington, DE) HP 6890 instrument 

with a capillary inlet (split-split mode) with a constant split ratio of 50:1. Agilent 5973 

network mass selective detector was used in electron ionization mode (70 eV), set to scan 

from 42 to 500 m/z at a rate of 3.19 scans/s. The system was equipped with HP DB-5 

capillary column (30 m long × 250 µm i.d. × 0.25 µm film thickness). The column flow 

rate was 1 mL min-1, with hydrogen as carrier gas set at a linear velocity of 22 cm/s at 100 

°C. The injector and detector transfer line temperatures were set at 250 °C and 170 °C, 

respectively, with an injection volume of 1.0 µL. The oven temperature profile was: initial 

temperature 100 °C; held for 1 min; ramp at 10 °C/min to 250 °C; held for 15 min. Product 

identification was accomplished using the NIST 2005 library. The identification of 

metathesis reaction products were confirmed from the fragmentation patterns of the mass 

spectra. The collected data were analyzed using GC Chemstation Agilent software. All the 

solvents and standards used were GC grade (Aldrich, 99.9 %). 
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6.3. Results and discussion 

6.3.1. Supported catalysts characterization: structure, 
morphology and composition 
Figure 46 shows the nitrogen sorption isotherms (Figure 46i) and the corresponding pore 

size distribution curves (Figure 46ii) of the synthesized ZnCl2-modified OMA supports. 

The measurements showed IV-type isotherms with an H1 hysteresis loop following the 

IUPAC classification, displaying one step capillary condensation in the adsorption branch 

which indicates the nitrogen filling within the uniform mesopores [676]. These catalytic 

supports were found to exhibit uniform and narrow pore size distribution (around 4-5 nm, 

Figure 46ii), with total pore volume around 0.40 cm3g-1. Both two-steps and one-pot 

prepared supports analysis revealed similar porous information with no significant 

difference in the shape of adsorption–desorption isotherms, pore size distribution and total 

pore volume. However, the one-pot prepared supports showed larger BET surface area (up 

to 358 m2 g-1) compared to the conventionally (two-steps) prepared supports (up to 239 m2 

g-1) [758]. The additional calcination step and pore filling with ZnCl2 during the two-steps 

synthesis process are suggested to be responsible for this drop in the surface area [657].  

Afterwards, MTO was supported on these prepared ZnCl2-modified OMA supports, and 

their catalytic performance was investigated for methyl oleate self-metathesis reaction. The 

stability of the supports organized structure was then studied using several techniques 

including XRD, TEM, SEM and EDX. Therefore, both fresh and spent catalysts were 

analyzed. 

The low-angle XRD patterns obtained for the synthesized catalysts before and after 

metathesis reaction are displayed in Figure 46iii. The samples showed main reflections at 

0.9-1.2°, 1.5-1.8° and 2.1-2.3° (2θ) which could be indexed as (100) and (110) and (200) 

reflections of p6mm two-dimensional hexagonal structure, respectively [596, 598]. These 

diffraction peaks indicate the existence of long-range ordered mesopores in the analyzed 

catalysts samples. Interestingly, the structure ordering of the ZnCl2-modified OMA 

supports was maintained after MTO incorporation as well as after subjecting the catalysts 

for methyl oleate self- metathesis reaction conditions. However, MTO impregnation as well 
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the mechano-chemical effect of the reaction conditions or may corresponds to the 

agglomeration of few MTO and/or ZnCl2 small crystals. 

The SEM images taken from the spent catalysts samples showed similar particle 

morphology compared to the fresh ones (See Figure 49 of the Supporting information). The 

catalyst particles then showed less uniform shape compared to those of the supports used 

for MTO grafting [657].  

The EDX measurements were also conducted accompanying with the SEM observations to 

monitor the chemical elemental compositions of the designed metathesis catalysts. The 

EDX spectra of the freshly prepared catalysts samples showed in Figures 47i-j revealed the 

presence of the expected elements in the catalyst structure, namely oxygen, aluminum, zinc, 

chlorine, as well as carbon and rhenium. The detected elements were found in close 

stoichiometric ratios to alumina, ZnCl2 and MTO composition. Subsequently, EDX data of 

the spent catalysts also showed similar composition indicating the maintained catalysts 

integrity and structure (See Figure 50 of the Supporting information). In addition, 

palladium and gold were also detected in the EDX spectra; these elements originated from 

the Au/Pd films used in the samples' preparation to improve the surface conductivity. 

6.3.2. Catalysts evaluation for methyl oleate self-metathesis 
As mentioned above, the designed 3wt.% MTO/ZnCl2-OMA catalysts were evaluated for 

their performance in bulky functionalized olefin self-metathesis as a representative reaction 

using methyl oleate as an ideal substrate. This reaction generates two main important and 

desired compounds, namely trans/cis-9-octadecene (DC-1) and trans/cis-dimethyl-9-

octadecene-1,18-dioate (DC-2), while unfortunately unavoidable production of undesired 

metathesis reaction product (methyl elaidate, UC) also occurs, which results from the non-

productive metathesis reaction pathway. All identified methyl oleate self-metathesis 

reaction products are illustrated in Scheme 14. Analysis of reaction mixture was performed 

using both GC and GC-MS techniques in order to investigate methyl oleate conversion as 

well as to distinguish positional and geometrical isomers (trans and cis coumpounds). For a 

given double bond the trans isomers nearly always elute before the corresponding cis 

compounds on polar phase like the BPX-70 capillary column used for GC which is highly 
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side reaction pathway leading to lower methyl elaidate (by-product) formation. Also, the 

performance of catalysts supported on both one-pot and two-steps synthesized supports 

were compared. The metathesis reaction results showed an improved methyl oleate 

conversion (up to 94%) as well as a higher selectivity towards desired metathesis reaction 

products (up to 74%) using the one-pot synthesized ZnCl2-modified OMA supports [758]. 

We believe that this enhancement is due to several features including: higher BET surface 

area, lower dehydroxylation rate and higher surface OH groups concentrations, as well as 

improved ZnCl2 impregnation through in situ process. All these factors are responsible for 

better synergetic effects between surface sites, as well as enhanced dispersion and 

availability of active metathesis Re-based carbenic species 

6.3.3. Catalysts active sites and intermediates analysis  
To better understand the catalytic properties of MTO-based catalysts, surface elemental 

analysis of the catalyst samples was performed by XPS. Table 12 summarises the 

composition detected for the ZnCl2-modified OMA supports before and after incorporation 

of MTO. 

In agreement with EDX analysis, the XPS analysis revealed the presence of the expected 

elements binding energy values in the 3 wt.% MTO/ZnCl2-OMA catalysts samples, namely 

Al 2p, O 1s, Zn 2p and Cl 2p (See also Figure 52 of the Supporting information). In 

summary, the Al 2p binding energy value corresponds to aluminum composition in the 

alumina framework walls [657]. O 1s binding energy values corresponds to the oxygen 

composition in the alumina matrix (Al-O-Al), alumina surface hydroxyl groups (Al-O-H) 

and hydrogen-bonded physisorbed water (in the case of two-steps synthesized ZnCl2-

modified OMA supports) [657]. Zn 2p binding energy values could be assigned to various 

Zn-containing surface species such as Zn-Cl, Zn(OH)2, Zn-O, but mainly Zn-O-Zn-Cl 

species [657], while Cl 2p binding energy values correspond to Zn-bonded chlorine species 

[657]. A slight increase in the binding energy values was observed between modified and 

unmodified OMA samples components. This may be ascribed to the incorporation of ZnCl2 

and its bonding to these species inducing an electronic environment change. Similarly, for 
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both one-pot and two-steps prepared samples a slight shift was observed after MTO 

incorporation which indicates the bonding of Re-based species to the detected surface sites. 

Table 12: XPS data of Al, O, Zn and Cl elements from the 3 wt.% MTO/ZnCl2-OMA 

catalysts samples prepared using the ZnCl2-modified OMA supports synthesized via either 

the classical two-steps or the one-pot process. 

 
 
Elements 

Two-steps synthesis 
 

One-pot synthesis  

Support Catalyst  Support Catalyst  Assignment 
 BE  

(eV) 
[657] 

 

BE  
(eV) 

ΔBE 
(eV) 

BE  
(eV) 

[758] 

BE  
(eV) 

ΔBE  
(eV) 

 

Al 2p (1) 74.3      [Al] Al2O3 phase 
Al 2p (2) 74.7 75.0 + 0.3 74.4 74.8 + 0.4 [Al] Al2O3 phase 
O 1s (1) 530.9 

532.1 
533.1 

     [O] Al2O3 phase 
[O] OH: Al2O3 surface 
[O] H2O physisorbed 

O 1s (2) 531.3 
532.7 
533.9 

332.5 
333.6 
334.7 

+ 1.2 
+ 0.9 
+ 0.8 

531.2 
532.5 

 

331.6 
333.0 

+ 0.4 
+ 0.5 

 

[O] Al2O3 phase 
[O] OH: Al2O3 surface 
[O] H2O physisorbed 

Zn 2p3/2 1022.5 1023.8 + 1.3 1022.1 1022.9 + 0.8 Zn2+ surface species 
Cl 2p3/2 199.3 200.6 + 1.3 198.9 199.2 + 0.3 Cl-: Zn-Cl 
Cl 2p1/2 200.9 202.2 + 1.3 200.5 200.8 + 0.3 Cl-: Zn-Cl 

(1) Alumina only; (2) ZnCl2-modified OMA supports; All shifts for the samples were corrected by normalization of 
the C 1s binding energy to 285.0 eV. 
 

In addition to Al, O, Zn and Cl species, XPS measurements also revealed the presence of 

Re species which corresponds to the chemisorbed MTO species, as depicted in the survey 

spectra of the analyzed catalysts samples (Figures 49a, 49c). Two Re-based components 

can be distinguished (Figures 49b, 49d, see also Figure 53 of the Supporting information) 

which are detected at different BE values: 44.86 and 47.29 eV, assigned to Re 4f7/2 

components of the MTO-based surface species. These peaks are ascribed to the binding 

energy of Re+6 and Re+7 species respectively. In agreement with the present results, 

previous studies using solid-state NMR techniques showed that the plausible Re species 

formed on the alumina surface are the major inactive oxo species (Scheme 15i) and the 

minor active μ-methylene species (Scheme 15ii) after reaction of MTO with Al surface 

Lewis acid sites [422, 425, 762]. These species correspond to the coordination states of 

Re+6 and Re+7, respectively.  
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Scheme 15. OMA-supported MTO surface species. 

6.3.4. Mechanistic studies for methyl oleate self-metathesis 
products formation  
After identifying the surface active species, the mechanistic pathways for metathesis 

reaction products formation were studied. Considering methyl oleate as a bulky 

functionalized molecule, its geometry at the solid-liquid interface with the catalysts is a 

crucial parameter that controls the metathesis reaction products cis/trans isomers formation 

and distribution. On the other hand, the solid catalyst support is considered as a rigid 

catalyst ligand that applies a steric hindrance, which also is a key factor controlling methyl 

oleate geometry at the solid-liquid interface. Therefore, simply four interaction approaches 

of methyl oleate with the catalyst surface could be suggested (Scheme 16).  
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Scheme 16. The four plausible approaches for methyl oleate self-metathesis withdrawn to 

the surface Re active species. 
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Reasonably, the favored approaches are those which occur with less steric hindrance 

controlled mainly by both the cis geometry of methyl oleate and the bulkier ester side of the 

molecule. 

Taking into account the majorly favored approaches (Scheme 16a-b), we attempted to 

propose the full mechanistic pathways that lead to the formation of each metathesis reaction 

products with the precise isomers selectivity. Conventionally, the olefin metathesis reaction 

process involves two main steps; the catalyst imitation forming the propagating active 

species followed by the catalyst propagation leading to the metathesis reaction products 

formation [340]. First, the interaction of methyl oleate molecules with the surface active 

carbenic species (Re=C) leads to the formation of the so-called metathesis propagating 

active species (PAS, Scheme 17a-b). These species represent the new carbenic species that 

consist of one of the two fragments of the olefinic chain [413, 763]. In this study, these 

species are denoted as PAS1 (Scheme 17a) and PAS2 (Scheme 17b), holding the ester side 

and the alkyl chain fragments, respectively.  
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Scheme 17. The mechanistic pathway for the formation of the metathesis propagating 

active species (PAS1 and PAS2) from methyl oleate including four steps: (1) coordination; 

(2) [2+2] cycloaddition; (3) cyclorversion and (4) decoordination. 
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Methyl elaidate also is among metathesis reaction products present in the reaction mixture. 

It is worth to mention that, either methyl oleate or methyl elaidate are similarly withdrawn 

to the MTO active species on the surface to regenerate the same propagating active species 

(PAS1 and PAS2, see Scheme 17c-d). 

Afterwards, the methyl oleate substrates interact with the interfacial generated PAS1 and 

PAS2. As displayed in Scheme 18a-d both trans and cis metathesis reaction products 

isomers are formed upon interaction of PAS1 with methyl oleate. 

Also, the mechanistic pathways illustrate clearly the regeneration of the propagating active 

species. Similarly to PAS1, trans and cis metathesis reaction products are also obtained 

upon interaction of methyl oleate with PAS2 (Scheme 18e-h). However, the different 

withdrawing approaches are controlling parameters for cis/trans isomers formation when 

methyl oleate/elaidate is withdrawn again to the generated propagating active species 

(PAS1 and PAS2). These mechanistic pathways illustrate clearly the unavoidable route to 

methyl oleate, the starting materials, through the so-called non-productive regenerating 

pathway (Scheme 18d), which prevent achieving quantitative conversion (100 %). Also 

methyl elaidate formation is inevitable via the so-called non-productive isomerization 

pathway as illustrated in Scheme 18b. 

According to Scheme 18, all the anti approaches correspond to the trans metathesis 

reaction products formation, while all the syn approaches lead to the formation of cis 

metathesis reaction products. Therefore, considering the less steric hindrance, the anti 

approaches seem to be the majorly favoured approach. Interestingly, this hypothesis is 

found to be in agreement with the experimental results where higher methyl oleate self-

metathesis trans products yields were obtained compared to the cis products. 

As pointed out above, methyl elaidate is one of the methyl oleate self-metathesis products. 

However, it is never excluded that this later can also undergo metathetic transformations. 

Interestingly, the self-metathesis of methyl elaidate also leads to the formation of the same 

metathesis reaction products, similarly to those observed for methyl oleate self-metathesis 

(Scheme 19). 
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Scheme 18. The mechanistic pathway for the formation of the metathesis reaction products 

(trans and cis) from the propagating active species (a-d) PAS1 and (e-h) PAS2 with methyl 

oleate including four steps: (1) coordination; (2) [2+2] cycloaddition; (3) cyclorversion and 

(4) decoordination. 
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Scheme 19. The mechanistic pathway for the formation of the metathesis reaction products 

(trans and cis) from the propagating active species (a-d) PAS1 and (e-h) PAS2 with methyl 

elaidate including four steps: (1) coordination; (2) [2+2] cycloaddition; (3) cyclorversion 

and (4) decoordination. 
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Finally, these insights guided us to propose a comprehensive catalytic cycle for methyl 

oleate self-metathesis process illustrating the generation of the propagating active species 

starting from Re=CH2 (chemisorbed MTO), methyl oleate self-metathesis products 

formation, as well as the Re=CH2 regeneration pathways (Scheme 20). 
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Scheme 20. The proposed catalytic cycle for methyl oleate self-metathesis reaction and 

active species regeneration. Each cycle include four steps: (I) coordination; (II) [2+2] 

cycloaddition; (III) cyclorversion and (IV) decoordination. R1 = alkyl chain fragment; R2 = 

ester side fragment. All transition states #1, 1', 2, 2', 3, 3', 4 and 4' could be eitheir anti or 

syn leading to eitheir trans or cis isomers, respectiviely. 
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6.4. Conclusions 
In the study, supported mesostructured 3 wt.% MTO/ZnCl2-OMA catalysts with high 

surface area and narrow mesopore size distributions have been successfully prepared using 

modified organized mesoporous alumina supports. The synthesized catalysts were found to 

be highly active for methyl oleate self-metathesis reaction using 3 wt.% MTO with a great 

organized structure stability. The catalysts supported on ZnCl2-modified OMA supports 

prepared via an improved evaporation-induced self-assembly (EISA) method through one-

step process exhibits superior catalytic activity compared to those supported on ZnCl2-

modified OMA supports prepared via traditional two-steps process. The catalysts 

characterization revealed a synergetic effect between Zn and Re species responsible for 

metathesis reaction activity. The highly dispersed Zn species, high surface area and low 

surface dehydroxylation were responsible for the improved catalytic activity and 

selectivity. The catalytically active sites are suggested to be the surface Re-based carbenic 

compounds. Furthermore, the methyl oleate and support surface were found to display 

steric hindrance to metathesis intermediate active species which is considered as the 

governing factor controlling the products formation pathways and selectivity.  
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Supporting information 

 

Figure 49. Representative SEM images obtained for the spent catalysts: (a) cat-Al(OBus)3-

citric-ts and (b) cat-Al(OBus)3-citric-op catalysts. All samples were calcined at 450 °C. 
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Chapter 7: Conclusions and future outlook 
 

Herein in this chapter, we recap the principal contributions and concluding remarks, as well 

as the main findings and progress achieved in this research project. In addition, we present 

future research opportunities. 
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7.1. General conclusions 
The main targeted objective of this research project is to design an efficient, highly active 

and well-defined metathesis catalyst, aiming to improve the MTO-based catalyst 

performance towards bulky functionalized olefin metathesis (e.g. methyl oleate self-

metathesis). Thus, overcoming the selectivity issues and expecting to enhance the 

metathesis reaction rate. The new catalyst design is based on using ZnCl2 impregnated on 

hexagonal well-organized mesoporous alumina (ZnCl2-modified OMA) as a suitable 

support for the MTO-based catalysts, especially when used for the conversion of bulky 

functionalized substrates. The present work is divided into two main parts depending on the 

strategy adopted for the preparation of the catalytic supports used in this study. First, a two-

step process was performed for the synthesis of the alumina-based catalyst carrier, through 

preparation of OMA support via a sol-gel process and then its modification with ZnCl2 via 

a wet impregnation method. The second approach consists on preparing the ZnCl2-modified 

OMA supports via one-pot process through a combined sol-gel/in situ impregnation 

method. The explored strategies led to an enhancement of the MTO-based catalysts 

performance including the metathesis reaction rate, conversion and selectivity. 

In the two-steps approach, the most challenging tasks in this first part are to prepare 

mesoporous alumina with highly ordered hexagonal structure and to manage the 

preservation of this organized structure after ZnCl2 incorporation. Thus, we successful 

synthesized hexagonal well-ordered mesoporous alumina and ZnCl2-modified alumina in a 

simple, versatile, and reproducible process carried out by a bottom-up approach through an 

sol-gel evaporation-induced self-assembly (EISA) method. The synthesis was performed 

using Pluronic F127 template and different carboxylic acids and aluminum precursors 

which are found to be controlling parameters in this sol-gel synthesis. The spectroscopic 

investigations on the materials growth and formation mechanism revealed that the 

complexation abilities of carboxylic acids with Al centers are the key factor, leading to 

successful well-ordered assembly process. However, the overall results and characterization 

showed no significant effect of the acids and precursors variation on the synthesis pathways 

or the obtained materials properties. The synthesis allowed the formation of well-organized 

mesoporous alumina materials with large specific surface area and total pore volumes, as 



198 

well as a regular narrow average pore size distribution. Interestingly, uniform mesoporous 

network with well-arranged cylindrical pores was observed for the newly prepared 

materials as shown by TEM micrographs, while the organized structure was well 

maintained after ZnCl2 incorporation. ZnCl2 greatly enhanced Lewis acidity of the 

supports, and Al-O-Zn-Cl species were mainly formed on the surface as illustrated with 

XPS and MAS NMR analysis. These acidity enhancement and surface species are believed 

to be the responsible for MTO grafting and performance. 

The prepared organized mesoporous materials via two-steps approach were then evaluated 

as supports for the MTO-based catalysts for methyl oleate self-metathesis. High methyl 

oleate conversion was obtained under optimized conditions. Also, higher selectivity was 

achieved using the OMA supports compared to both wormhole-like alumina-based 

heterogeneous catalyst and the commercially available Grubbs 2nd generation 

homogeneous metathesis catalyst. This enhanced selectivity could be mainly due to the 

uniform well-structured and non-interconnected porous network. It is worth to mention that 

we also achieved three times higher metathesis reaction rate using the OMA-based supports 

compared to the wormhole-like alumina support. This is due to the enhanced mass transfer 

features through the hexagonal mesoporous network, and the observed improved kinetic 

profile was comparable to that obtained using the Grubbs 2nd generation catalyst. 

Furthermore, this enhanced reaction rate could be one of the reasons behind the improved 

selectivity, reducing the residence time inside the porous network, then not giving enough 

time for the side reaction to occur (methyl elaidate formation). The mechanistic 

investigations revealed that it is impossible to achieve quantitative methyl oleate 

conversion and desired metathesis reaction products selectivity, which are due to the 

unpreventable regeneration pathway of methyl oleate and the inescapable methyl elaidate 

formation route (non-productive metathesis reaction), respectively. The enhancements 

reported in this study using the newly designed catalyst are considered very satisfactory 

results. 

For the second approach, the new one-pot methodology that we have developed is this 

project for the synthesis of the ZnCl2-modified OMA supports is highly efficient, through a 

combined OMA synthesis and in situ ZnCl2 incorporation with a single annealing step. This 
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synthesis strategy is rapid simple and cost-effective, and offers access to ZnCl2-modified 

OMA supports with better features and higher synthesis yields compared to the two-steps 

approach. These enhanced properties including textural (e.g. larger surface area) and highly 

dispersed active surface sites (e.g. due to lower dehydroxylation rate) led to improved 

methyl oleate self-metathesis performance (conversion and selectivity) of the MTO-based 

catalysts. Therefore, the activity of the MTO-based catalysts supported on one-pot prepared 

supports outperformed the MTO-based catalysts supported on conventionally two-steps 

synthesized supports. These results are very promising towards opening up future 

opportunities for robust heterogeneous catalysts design as well as towards large-scale 

applications. However, both conventionally and one-pot synthesized supports led to the 

generation of similar Re-based carbenic surface species. 

In summary, herein we demonstrated in this study that the catalytic supports, particularly 

for porous systems, evidently play the key role in the catalytic activity of supported catalyst 

and their robustness. Therefore, several parameters can control the reaction rate and 

selectivity including the uniformity of pore channels, pores structure and interconnectivity 

of porous network. However, the total pore volume, pore cavity/diameter and size enabling 

an efficient grafting of active species and diffusion of bulky functionalized substrates 

avoiding pore blocking phenomena are also important factors to be considered in the design 

of efficient heterogeneous catalytic systems. In addition to the improved substrates (methyl 

oleate) accessibility to active surface sites, optimization of these sites availability and 

efficiency is another key factor towards improving the catalysts performance. Herein, we 

showed that larger specific surface area allowed better activity via increasing the MTO 

loading, leading to higher active sites concentration. Also, the enhanced surface species of 

ZnCl2-modified OMA supports including efficient Zn-based species grafting as well as 

lower dehydroxylation rate (one-pot synthesis) allowed better impregnation of MTO and 

enhanced synergetic effect. However, the highly organized structure of the ZnCl2-modified 

OMA supports is the main factor contributing to enhanced MTO-based active surface sites 

population. Unlike tortuous channels of wormhole-like alumina support, the straight OMA 

channels allowed more exposed active MTO surface sites which enhance the reaction rate 

and the efficiency of the loaded MTO molecules, particularly when used for the conversion 

of such bulky functionalized substrates like methyl oleate. 
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7.2. Future outlook 
Looking ahead, many challenges in the development of robust (metathesis) catalysts 

remain. Herein, we propose some interesting recommendations and research opportunities 

which can be further pursued and explored in the future: 

(i) The catalysts developed in this project exhibit a high performance for metathesis 

reaction of bulky functionalized molecules. The obtained methyl oleate self-metathesis 

products are interesting symmetrical monomers for the synthesis of ecofriendly bio-based 

polymers (e.g. bioplastics, biosurfactants, etc.). Thus, it is worth to evaluate the developed 

catalysts for other metathesis reaction applications using various bulky functionalized 

substrates towards the synthesis of diverse symmetrical building polymer blocks via self-

metathesis strategy. Also, interesting asymmetrical blocks can be accessed via bulky 

functionalized substrates cross-metathesis approach with small simple or other bulky 

functionalized molecules. 

(ii) Further comparison of catalytic performance of the prepared organized mesoporous 

alumina with that of commercial alumina should be investigated for this catalyst as well as 

other catalysts and catalytic applications. Moreover, the successful synthesis approaches 

developed herein are key points to elaborate a promising strategy for the synthesis and 

functionalization of various novel metal-doped well-organized supports. Moreover, they 

can pave the way to explore opportunities for the large-scale production of a wide range of 

these interesting organized modified-mesoporous materials as catalytic supports or 

adsorbents. Theses ordered materials are potential candidates as catalysts supports not only 

of bulky functionalized molecules metathesis reaction, but it can also be adopted for other 

heterogeneous catalytic reactions (e.g. dehydrogenation, catalytic polymerization, etc.), 

particularly when shape-selectivity is critical. Furthermore, these promising catalytic 

supports can be used for the development of other supported metathesis catalysts using 

other metathesis active species than MTO, such as metal carbides (e.g. tungsten, 

molybdenum carbides, etc.) or even for the heterogenization of homogeneous catalysts (e.g. 

Grubbs', Hoveyda-Grubbs catalysts, etc.) via covalent bonding to the OMA supports. 
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(iii) As suggested above, these supports can be used for the conversion and the synthesis of 

bulkier molecules than methyl oleate through various catalytic applications. However, with 

increased molecular size of substrates, intermediates, active species and products, these 

mesoporous channels may be blocked which hinder the mass transfer phenomena and the 

reaction kinetics. Thus, the addition of swelling agent (organic auxiliaries: fluorocarbons, 

trimethylbenzene (TMB) dodecylamine, n-heptane, etc.) for the synthesis of organized 

mesoporous materials could be an excellent alternative to obtain desired larger total pore 

volume and wider pore opening/diameter, but the maintenance of the organized structure 

will be definitely a great challenge in the presence of swelling agents. 

(iv) There are still further opportunities to develop a greener metathesis reaction approach. 

For instance using the same catalyst and substrate, performing metathesis reaction under 

microwave and/or ionic liquids conditions is highly recommended and worth to study. The 

high cost of MTO is a limitation of the developed catalysts, thus studying the catalysts 

recycling and reuse is one of the tasks that should be addressed in the future. Especially, in 

a continuous flow system, this will be a step forward towards industrial applications of 

these catalysts which could be of great interest and a great achievement in this area. 

(v) The newly designed MTO-based catalysts exhibited remarkable performance for methyl 

oleate self-metathesis. Therefore, this reaction offered access to highly important 

monomers, namely 9-octadecene and functionalized dimethyl-9-octadecene-1,18-dioate. 

These long chain unsaturated monomers are suitable starting materials for the synthesis of 

potential partially or fully biosourced (co)polymers. Also, these molecules are easy to 

handle during polymerization processes, for instance using chain limiter in order to obtain 

controlled average number molecular weights, which is often challenging in polymer 

chemistry. Interestingly, these bio-based polymers could have a wide application spectrum 

(e.g. coating, packaging, automotive, medical sectors, etc.), using a biodegradable matrix 

due to their environmental benefits, thus offering the possibility to create a sustainable 

industry and reduce CO2 emissions. Unlike synthetic polymers which feedstock can be 

derived from petrochemicals or chemical processes. However, efforts should be made to 

resolve related issues such as material structures and processing, and lack the desired 

mechanical properties and aqueous stability. More importantly, catalytic process such as 
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metathesis reaction renders the production of such polymers efficient and cost-effective, 

particularly when using crude used vegetable oil as renewable and low-cost starting 

materials.  
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