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EDITORIAL 
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Available on-line at the Journal web address: http://www.ache.org.rs/HI/ 

 

Global energy demand is increasing alongside the growing concern for environmental protection. The energy crisis 

triggered by the current political and economic situation in the world requires the transition to a more sustainable and 

secure energy system. Therefore, the focus is on alternative fuels as a solution to replace fossil oil sources in the 

transport sector. Biofuels stand out as the most promising alternative to fossil fuels providing energy transition without 

changes in the current infrastructure. Among biofuels, biodiesel is a renewable alternative to fossil diesel obtained from 

bio-sources such as vegetable oils (edible, nonedible, and waste/used), animal fats, or algae oil. It has many advantages, 

such as biodegradability, low toxicity, reduced emissions of char, benzene, toluene, sulphur oxides, harmful nitrogen 

compounds, and other greenhouse gasses due to the closed CO2 cycle, and improved engine combustion due to the 

adequate O2 content. In addition, it can be used without the internal combustion engine modification and mixed in any 

ratio with ordinary fossil-based diesel fuel, so it can be easily commercialized. Besides the environmental aspect, 

biodiesel production has a positive impact on the rural economy. Still, there is a need for improvements in the biodiesel 

production concerning the replacement of edible oils as feedstocks for the manufacturing process, reducing the high 

synthesis cost, and increasing the quality of the final product. Therefore, this special issue aims to provide recent 

developments and advances in sustainable biodiesel production regarding feedstocks, catalysts, properties, and 

technologies.  

Significant advances were made in the valorisation of waste materials into biodiesel. Reusing wastes without a 

practical value and other applications is essential for reducing production costs and, thus, biodiesel prices. In this 

respect, Marinković and Pavlović [1] provide a comprehensive overview of the utilization of waste-based and natural 

zeolitic materials as catalysts or catalyst supports in biodiesel production. Synthesis routes of the zeolite-based catalysts 

are analysed in detail with an emphasis on the economy of the process and then the catalyst stability and reusability in 

transesterification of oils into biodiesel. Furthermore, the reaction mechanisms are also discussed in detail for reaction 

conditions optimization. This article can be valuable as a new ideas generator for researchers interested in the further 

investigation of waste-based zeolites and their applications. 

A contribution to the valorisation of waste materials as catalysts was also given by a study by Miladinović et al. [2]. 

The catalytic activity of ashes obtained after combustion of waste plum stones and stone shells for heat generation was 

tested in transesterification of plum kernel oil into biodiesel. In this way, the complete utilization of waste plum stones 

in biodiesel production was demonstrated. The study revealed the plum stone shell ash as the most active catalyst 

compared to waste plum stones ash and plum kernel cake ash, so that it was characterized in detail, and investigated 

regarding the effect of reaction temperature on methyl esters synthesis. Kinetic analysis was performed to determine 

the reaction rate constant and activation energy. This study is significant for the development of biodiesel production 

processes based on utilization of the same low-cost materials as a source for the oily feedstock and for the catalyst 

because it provides data for predicting the reaction rate and reactor design. 

Considering that mass transfer can limit the rate of transesterification catalysed by solid catalysts, the study of 

Todorović et al. [3] proposed co-solvents based on deep eutectic solvents (DES) to improve the rate of ethanolysis of 

cold-pressed black mustard (Brassica nigra L.) seed oil catalysed by either calcined or non-calcined CaO. Several lecithin-
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based DES were characterized, and the lecithin : glycerol system was selected as a co-solvent. The use of DES accelerates 

not only the reaction but enhances separation of the final reaction mixture phases. This paper provides novel knowledge 

on the use of lecithin for DES preparation and its utilization as co-solvents for biodiesel production. 

Although the utilization of waste oily feedstocks for biodiesel production adds value to the wastes, these oils require 

pretreatment due to the high content of free fatty acids (FFA). In the study of Lukić et al. [4], the adsorptive capacity of 

quicklime, which was already proved as an inexpensive and suitable catalyst in transesterification of oil into biodiesel, 

was tested for removal of FFA from waste cooking oil. The results have indicated that quicklime has considerable 

potentials for the FFA removal from the WCO at lower temperatures, being inexpensive, available, and efficient. This 

study can be of interest to biodiesel producers since both the removal of FFA and the heterogeneously catalysed 

methanolysis are environmentally and economically acceptable processes. 

Quality of biodiesel is important for its commercialization. The biodiesel stability during extended storage depends 

on its oxidation stability. Therefore, Djurišić-Mladenović et al. [5] investigated the oxidation stability of biodiesel 

obtained from sunflower oil using the RapidOxy method as an alternative technique and compared it with the use of 

the standard Rancimat method. Improvements in the oxidation stability were achieved by adding a synthetic antioxidant 

and a mixture of bio-based antioxidant compounds extracted from vinery waste. This study is important and serves as 

a starting point for further developments of bio-based antioxidants from vinery waste and employing the RapidOxy 

method for  high-throughput analysis with high repeatability for determination of oxidation stability of biodiesel. 

We hope that the selected papers will have an impact on the scientific as well as broader community and become a 

driving force for research and developments in the future leading to sustainable solutions. 

The guest editors wish to thank the authors for their effort to contribute to this topic and commitment to improve 

their manuscripts; the reviewers for willingness to provide careful evaluation and constructive reviews; and the editorial 

staff for managing the review and publication processes efficiently. 

 
Guest Editors 

Dr. Ivana Banković-Ilić, Full professor 
Dr. Marija Miladinović, Assistant Professor 
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Napredak u istraživanju proizvodnje biodizela 

Ivana Banković-Ilić i Marija Miladinović 

Univerzitet u Nišu, Tehnološki fakultet, Leskovac, Srbija 

 
Kao rešenje za zamenu izvora fosilnih goriva u sektoru transporta i osiguranja održivog energetskog 
sistema ističu se biogoriva, a među njima biodizel koji se dobija iz bio-izvora kao što su biljna ulja, 
životinjske masti ili ulje algi. Potreba je da se proizvodnja biodizela unapredi zamenom jestivih sirovina 
nejestivim ili već korišćenim, da se smanje visoki operativni troškovi i poveća kvalitet finalnog proizvoda. 
Stoga, ovo specijalno izdanje časopisa Hemijska industrija ima za cilj da pruži najnovija saznanja u 
razvoju i napretku održive proizvodnje biodizela u pogledu sirovina, katalizatora, svojstava i tehnologija. 
U tom pogledu najpre je dat sveobuhvatan pregled primene otpadnih i prirodnih zeolitnih materijala 
kao katalizatora ili nosača katalizatora, a zatim opisana katalitička aktivnost pepela dobijenog 
sagorevanjem otpadnih koštica šljive radi primene u reakciji transesterifikacije ulja iz jezgara koštica 
šljive do biodizela. U cilju poboljšanja brzine reakcije i razdvajanja faza finalne reakcione smeše, 
predložena je upotreba eutektičkih smeša kao korastvarača. Kako otpadne uljne sirovine često imaju 
visok sadržaj slobodnih masnih kiselina, to se za njihovo efikasno otklanjanje preporučuje korišćenje 
negašenog kreča kao adsorbenta. Na kraju, pokazano je da se oksidaciona stabilnost biodizela, kao mera 
njegovog kvaliteta, može efikasno odrediti korišćenjem RapidOxy metode i poboljšati dodavanjem 
mešavine antioksidativnih jedinjenja na biološkoj bazi. 

 

  
REČ UREDNIKA 

 

Ključne reči: zaštita životne 
sredine; otpadne materije kao 
katalizatori; zeolitski materijali; 
eutektički rastvarači; sposobnost 
adsorpcije negašenog kreča; 
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Recent advances in waste-based and natural zeolitic catalytic materials 
for biodiesel production 

Dalibor M. Marinković and Stefan M. Pavlović 

University of Belgrade, Institute of Chemistry, Technology and Metallurgy, Belgrade, Serbia 

 

Abstract 

Considering the current world crisis and definite future energy challenges, biomass-to-fuel 
transformation is increasingly becoming important both to the policy makers and to the 
industry. In this perspective, the valorisation of oils and fats via transesterification/esteri-
fication reaction is an attractive method for producing biodiesel with qualities suitable for 
diesel engines. The recent interest indicated a significant shift to industrial waste valorisation 
as another approach for achieving process eco-efficiency. In this respect, the use of zeolite-
based catalysts for the production of biofuels is reviewed here, with a special emphasis on the 
utilization of waste raw materials following the principles of green chemistry and sustainable 
development. Zeolites are interesting due to their outstanding catalytic properties, including 
the presence of intrinsic acid sites, simple loading of base sites, shape-selectivity, and high 
thermal stability. Neat zeolites or modified by the loading of active species are classified into 
several groups following their origin. For each group, the most relevant recent results reported 
in the literature are reviewed together with some critical considerations on the catalyst 
effectiveness, stability, reusability, and economy of synthesis. As an important part required 
for understanding and optimization of the biodiesel production process, the mechanisms of 
the reaction were discussed in detail. Finally, key perspective directions for further research 
studies were carefully identified and elaborated. 

Keywords: zeolite; waste raw materials; fly ash; industrial waste; heterogeneous catalysis; 

transesterification.
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Available on-line at the Journal web address: http://www.ache.org.rs/HI/  

1. INTRODUCTION  

In recent decades, especially in recent years, more and more attention is focused on energy consumption, energy 

efficiency, fossil fuel emission and depletion, as well as on alternative energy sources and uses [1]. World crises are only 

intensifying these issues. The world dependence on fossil fuels is still dominant, but some renewable solutions are 

available, while many are being intensively researched. Biofuels, such as biodiesel, are significant competitors to fossil 

diesel fuel, due to lower contents of CO2, SO2, and hydrocarbons during combustion, as well as biodegradability, high 

flash point, high lubricant properties, and high octane number [2,3]. Additionally, biodiesel can be used in modern 

internal combustion engines without modification [4]. Commercial production of biodiesel began in Austria in 1991, and 

for the next 15 or so years, biodiesel production was booming. It seems that after that first run, interest in biodiesel 

declined until recently when it became attractive again with the intensification of the world energy crisis. Current 

chemical technology practices of obtaining biodiesel imply the following concepts: base-catalysed transesterification 

(homogeneous or heterogeneous) [5-7], acid-catalysed esterification and transesterification [8,9], enzyme-catalysed 

transesterification [10,11], biodiesel synthesis catalysed by bifunctional heterogeneous solid catalysts [12,13], 

deoxygenation [14,15], and supercritical methanolysis [16,17]. Process intensification in terms of the reaction mixture 

treatment by microwave [18,19] and ultrasound [20,21] is also a part of the latest interest of the researchers. The 

modern approach in biodiesel research, however, synergistically focuses on new catalytic systems based on waste 

sources, the use of non-edible or waste triacylglycerol (TG) feedstock, and on advanced batch and continuous reactor 

systems. Such an approach is not only sustainable and environmentally friendly but also economically viable. 
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Nowadays, homogeneous base and acid catalysts are still used in most industrial plants for biodiesel production, 

despite their numerous disadvantages (demanding catalyst recovery, soap formation, difficult product purification, high 

corrosion, and inhibition by water) [3]. The modern concept of sustainable industrial processes strongly supports design 

of new catalysts based on waste materials, such as biomass fly ash, coal-fired power stations fly ash, industrial waste 

rich in calcium and other alkali and alkaline earth metals such as mud and slug, agricultural and animal waste, and 

natural sources [22]. The use of these materials has a double benefit, as economic and environmental problems of 

disposal and treatment of waste materials are being solved, and, on the other side, very useful and valuable catalytic 

materials are obtained, further utilized in obtaining biofuels. Particular attention of researchers is focused on the 

challenge of adaptation of the mentioned catalytic systems to produce biodiesel from waste TG sources, such as non-

edible oils, waste cooking oils (WCOs), and oils with high free fatty acid (FFA) contents [23]. Also, attention is paid to 

the modern biodiesel production process from oils obtained from microalgae [24].  

Zeolite is a crystalline aluminosilicate material with various spatial three-dimensional structures that allow the 

adsorption and diffusion of molecules. It can occur naturally or can be synthesized from pure chemicals, natural 

minerals, or waste materials. Zeolitic materials have found great interest among researchers and in the industry because 

of their easily tunable physical and chemical properties. Nowadays, they are successfully investigated and used as 

catalysts in different processes such as isomerisation, condensation and oligomerization, pyrolysis or liquefaction, 

hydrolysis, esterification, and transesterification [25]. Unlike many other materials that could be employed as catalysts 

for TGs conversions, zeolites are highly stable with the potential to resist severe reaction conditions [26]. Their structure 

is responsible for very high melting points (higher than 1,000 °C), so zeolites can withstand elevated reaction pressures 

and temperatures and are stable in air and many solvents used in catalysis. Tunable acidity/basicity and suitable 

structural properties of zeolitic materials account for their wide exploitation as prospective catalysts.  

One of the major drawbacks of a heterogeneously catalysed transesterification process is diffusion-limited mass 

transport in porous materials. Furthermore, the reaction mixture molecules could be massively deposited onto the catalyst 

surface and cause pore-blocking, leading to a reduction in catalyst activity [27]. These issues can be resolved by using 

hierarchically structured zeolitic materials with double or triple porosity, i.e., meso- and/or macroporosity [28]. Besides 

that, along with the principles of sustainable development, zeolitic materials can be obtained from waste that has an 

adequate ratio of constituent atoms (Al and Si), such as fly and bottom ashes generated in thermal power plants [29].  

Several review papers already dealt with the use of zeolite catalysis in biofuel production [25,26,30]. Thus, the 

present review is focused on waste-based and natural zeolitic materials and their use as catalysts or catalyst supports 

in biodiesel production as a supplement to previous articles. The synthesis routes of zeolite-based catalyses will be 

analysed in detail, with an emphasis on the economy of synthesis, as well as on key analytical parameters of the 

synthesized materials. The quality of biodiesel obtained by using zeolite-based catalysts and mainly non-edible or waste 

oil feedstocks will be considered, as well as the stability and recyclability of the catalyst. Finally, reaction mechanisms 

will be discussed in detail as for optimization of the reaction conditions, it is necessary to understand what happens to 

the reactants and products in the course of the reaction. 

2. ZEOLITES, ORIGIN, STRUCTURE 

Zeolites are crystalline porous materials structured as a tetrahedral TO4 (T = Al, Si) in different orders, resulting in 

253 unique frameworks, with over 40 naturally occurring frameworks [31]. The term “zeolite” was originally addressed 

by the Swedish mineralogist Axel Cronstedt in the mid-eighteenth century. He observed that rapid heating of material 

produces huge amounts of vapour that had been previously adsorbed. Based on this observation, he called the material 

“zeolite”, from the Greek words “zeo” and “lithos”, meaning “to boil” and “stone”, respectively. [32]. zeolite-specific 

structure, i.e. channel- or cage-like system, acts as a trap for molecules of specific sizes and shapes [33]. In the porous 

structure of zeolite a wide variety of cations can be accommodated, such as Na+, K+, Ca2+, Mg2+, and others. These cations 

are loosely bonded and can be easily exchanged with other ions present in the contact solution. The relationship 

between the contents of exchangeable cations and aluminium in the aluminosilicate framework is always (Ca + Mg + Ba 

+ Na2 + K2)/AI = 1. Zeolites differ from all the other framework silicates by the presence of water molecules. The general 
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formula for a zeolite mineral is: (Ca, Na2, K2, Ba, Sr, Mg, Cs2, Li2)a[Al2Sin-aO2n]×H2O, where atoms in the square brackets 

represent the framework atoms, and the rest represents the exchangeable ions plus water [34]. 

Zeolitic materials can occur naturally but can be also produced industrially on a large scale. Natural zeolite groups 

include: analcime (pollucite and wairakite), chabazite (herschelite and willhendersonile), gismondine (amicite, 

garronite, and gobbinsite), heulandite (clinoptilolite), natrolite (mesolite and scolecite), harmotome (phillipsite and 

wellsite), and stilbite (barrerite and stellerite) [34]. An example of the structure of one of the most abundant natural 

zeolites mordenite, with a mineral formula of (Ca, Na2, K2) Al2Si10O24∙7H2O is presented in Figure 1. 

 

 
Figure 1. Typical structure (a) and appearance (Indian mine) (b) of mordenite framework [34] 
 

Zeolite materials find application in many industrial processes, the most important being catalysis [35], adsorption 

[36], and separation [37]. The term „molecular sieve“ related to zeolitic materials refers to the particular ability to 

selectively sort other molecules based on their size, due to a rather regular zeolite framework, that is the pore structure. 

For industrial applications synthetic zeolites are certainly more important since their structure may be more regular 

than that of natural ones. 

The interest of researchers in biodiesel and the use of zeolitic materials in catalytic biodiesel production is increasing 

over the 21st century. Figure 2 shows the number of published papers indexed in the Scopus database [38,39], which 

have as their topic biodiesel and the use of zeolite materials in heterogeneous catalytic production of biodiesel. The 

number of papers shows that interest in biodiesel is significant, with about a hundred papers published annually from 

the beginning of the 21st century, up to about as many as 4,000 articles published annually nowadays. The attractiveness 
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of zeolitic materials as catalysts for biodiesel production also tends to expand. Interest in this topic was almost negligible 

at the beginning of the 21st century, at least according to published articles, while today there are more than 50 articles 

published per year (Fig. 2). 

 
Figure 2. Number of published articles related to the use of zeolite in biodiesel production and the overall number of articles on 
biodiesel indexed by Scopus in the period 2000-2021 [38,39] 

2. 1. Natural zeolites 

Natural zeolites are conventionally obtained in open-pit mines, where the overburden is mechanically removed to 

excavate the ore. Common zeolite groups with similar frameworks and their main and distinctive characteristics are 

presented in Table 1 [34]. 

Natural zeolites are formed in Earth’s crust in a water-abundant environment under a wide range of temperatures 

and, often, under low pressure. They are rarely pure and are accompanied by various contents of other minerals, such 

as quartz, metals, and other zeolite species. Zeolites are formed in the contact of volcanic ash, rocks, and pyroclastic 

materials with saline, alkaline water, deep sea sediments, shallow marine seas, hot springs, and freshwater lakes. There 

are several mechanisms of natural zeolite formation, and two distinctive pathways are: low-temperature (4-40 °C) and 

elevated-temperature origins (40-250 °C). An example of the first is phillipsite, which is formed in deep-sea sediments 

and needs approximately 150,000 to 10,000,000 years to crystallize. Examples of the second pathway can be the 

formation of different zeolitic crystals depending on the increase in temperature during the contact metamorphism 

process, which are as follows [34]:  

mordenite-quartz → chabazite-stilbite-heulandite-gmelinite → mesolite-scolecite-natrolite-thompsonite- 

-laumontite-analcime → albite-epidote-prehnite-pumpellyite → granitic intrusion 

World reserves of natural zeolites have not been estimated yet. Deposits occur in many countries, but companies 

and states rarely publish reserves data. The United States, for example, reported combined reserves of 80 million tons 

in 2021, while the total U.S. reserves are likely substantially larger [41]. In 2021, the world´s annual mine production of 

natural zeolite was estimated at 944,000 t, which is significantly lower than a few years ago as the production of natural 

zeolite in 2015 was about 2.78 million tons. Major producers in 2021 (estimation) included Georgia (140,000 t), 

Indonesia (130,000 t), the Republic of Korea (130,000 t), Slovakia (120,000 t), Unites States (87,000 t), Cuba (53,000 t), 

China (52,000 t), and Turkey (50,000 t). China has significantly reduced its production, for example in 2015 it produced 

as much as 2 million tons of natural zeolite [41] 
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Table 1. Groups of zeolite types sorted by the framework [34] 

Group holder Associated types Main characteristics 

Analcime 
Pollucite 
Wairakite 

• Wide variation in chemical composition and disorder-order in the framework 
• Analcime contains Na 
• Pollucite contains Cs 
• Wairakite contains Ca 

Chabazite  
Horschelite 
Willhendersonite 

• Wide variation in chemical composition and disorder-order in the framework 
• Chabasite crystals are Ca dominant, although K, Mg, and Na could be present  
• Chabazite and willhendersonite have the same triclinic framework and can have the same K 

dominant chemical composition (they differ in the amount of Si and Al) 

Gismondine 
Amicite 
Garronite 
Gobbinsite 

• The associated members could be considered disordered gismondine or Na-K-dominant 
gismondine 

Heulandite Clinoptilolite 
• These crystals have been divided into three sets of criteria, a gap in Si/Al mole ratio (Si/Al), 

a gap in Na-K-Mg-Ca-content, and a gap in the heating characteristics of the framework 
• Clinoptilolite is often considered as Si dominant heulandite  

Natrolite 

Mesolite 
Scolecite 
Tetranatrolite 
Gonnardite 

• Natrolite, mesolite, and scolecite have a dominantly ordered framework, with different 
chemical composition 

• Natrolite, tetranatrolite, and gonnardite differ in the amount of disorder/order of Al and Si 
in the framework and Na and Ca content 

• Tetranatrolite is often considered as a Na dominant gonnardite 

Harmotome 
Phillipsite 
Wellsite 

• These crystals have a single framework with a continuous chemical series ranging from K-
Ca-Na-dominant in phillipsite to K-Ca-Ba-dominant in wellasite to Ba-dominant in 
harmotome  

Stilbite 
Barrerite 
Stellerite 

• These crystals have identical morphology; the difference is in the ordering of Si/Al in the 
framework, and the exchangeable Ca and Na ions 

• Stellerite has Ca as the exchangeable cation and most of the sectors in the framework are 
orthorhombic 

• Barrerite has also an orthorhombic structure with present Na, K, and Ca 
• Stilbite has a wide range of Ca, Na, and K with various amounts of monoclinic, 

orthorhombic, and triclinic sectors in the same crystal 
 

World reserves of natural zeolites have not been estimated yet. Deposits occur in many countries, but companies 

and states rarely publish reserves data. The United States, for example, reported combined reserves of 80 million tons 

in 2021, while the total U.S. reserves are likely substantially larger [41]. In 2021, the world´s annual mine production of 

natural zeolite was estimated at 944,000 t, which is significantly lower than a few years ago as the production of natural 

zeolite in 2015 was about 2.78 million tons. Major producers in 2021 (estimation) included Georgia (140,000 t), 

Indonesia (130,000 t), the Republic of Korea (130,000 t), Slovakia (120,000 t), Unites States (87,000 t), Cuba (53,000 t), 

China (52,000 t), and Turkey (50,000 t). China has significantly reduced its production, for example in 2015 it produced 

as much as 2 million tons of natural zeolite [41], 

2. 2. Synthetic zeolites 

In the mid-1940s, Barrer and Milton opened the story of zeolite synthesis [41] and since then, the interest in various 

synthesis routes of different zeolitic materials did not stop. Today, the Structure Commission within the International 

Zeolite Association denotes each synthesized zeolite by a three-letter code. The latest zeolite codes approved since 

2020 and their frameworks are presented in Table 2 [31]. 

Zeolites are commonly synthesized under hydrothermal/solvothermal conditions with alkali metal ions or organic 

amines/ammonium ions as the structure-directing agents (SDAs) or templates. The reactive reagents usually include 

tetrahedral atom (Al, Si, P, etc.) sources, SDA, mineraliser (OH- or F-), solvent, etc. Many synthesis parameters are crucial 

in the zeolite formation such as: source materials, composition, the solvent Si/Al mole ratio, SDA, crystallization 

temperature, pH value, and ageing/crystallization time. Due to the vast diversity of routes, there is insufficient 

understanding, so far, of the formation mechanism of zeolite materials. Somewhat harsh conditions of synthesis 

inspired many researchers to make efforts toward greener synthesis routes [41].  

The published studies emphasize the use of renewable or waste feedstock, energy efficiency, safer solvents and 

auxiliaries, and utilization of less hazardous chemicals and synthesis conditions [28]. However, the traditional zeolite 

synthesis deviates to a certain extent from the principles of green chemistry. 
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Table 2. Newest framework types of synthetic zeolites approved by the International Zeolite Association [34] 

Framework type Cell parameters Accessible volume fraction, % Framework image 

ANO hexagonal 12.4 

 

PTO monoclinic 9.12 

 

PTT trigonal 10.38 

 
  

The hydrothermal or solvothermal synthesis methods commonly require high temperatures and pressures, which 

unequivocally increases energy consumption and raises process risks. Organic solvents are usually expensive and toxic 

and therefore increase costs and environmental impact. The obtained filtrates contain inorganic/organic molecules that 

should be recuperated and reused. Finally, the resulting precursors need to be calcined at high temperatures, which is 

not economically nor environmentally attractive. Researchers have therefore been making huge efforts to develop 

different routes to guide the process of zeolite synthesis according to the principles of green chemistry, such as: waste 

reusing [29], environmental and cost impact reduction, increased energy efficiency [29,42], process safety [41], etc. 

Many studies are oriented towards the rational synthesis of zeolitic materials with specific novel framework structures 

and functions [43]. 

3. ZEOLITES AS CATALYSTS 

Since WWII, the development of zeolite-based catalysts has been one of the most impressive breakthroughs in the 

catalysis world. In the beginning, it was just the curiosity of researchers to investigate their property of adsorption and 

desorption of water when heated, so in the period of 1940s researchers at the Union Carbide (Linde division) synthesized 

zeolites A, B, and X [25]. In the following years, commercialisation of these zeolites started as gas separation adsorbents. 

Shortly afterwards, researchers at Union Carbide and Mobil discovered the zeolite shape selectivity and how to control 

it and thus, the golden age of zeolite use as catalysts began. 

Different zeolite origins, structures and the resulting physical and chemical characteristics have logically resulted in 

the classification of zeolite-based catalysts into several groups: natural- zeolite-based catalysts, synthetic zeolite-based 

catalysts, and waste-based zeolitic catalysts. 

3. 1. Natural zeolites as catalysts 

Chemically modified natural minerals and rocks were investigated widely in the synthesis of low-cost, easily 

available, and environmental heterogeneous catalysts for biodiesel production [44]. Natural zeolitic materials are widely 

available in mines around the world and are considered relatively inexpensive [45]. This type of zeolite material is highly 

desirable because of the possibility to control the functionalisation of the zeolite surface by acidic or basic groups to 

achieve high catalytic performance and consequently high biodiesel yields. In addition, natural zeolite-based catalysts 

have the important advantage of avoiding the zeolite synthesis step compared to synthetic zeolite-based catalysts and 

waste-based zeolitic catalysts, which significantly shortens the catalyst synthesis time and lowers the energy used. 
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Conducted studies (Table 3) demonstrated that decoration of zeolite by nanoparticles or modification of zeolite 

structure by alkali or alkali earth metals/oxides resulted in catalysts of enhanced morphological properties, high surface 

area with good porosity, and finely dispersed numerous catalytically active sites. These catalytic materials have most 

often succeeded in achieving high activity and yielding FAME greater than 90 % using mild reaction conditions (Table 4).  
 
Table 3. Review of preparation routes and characteristics of natural zeolitic catalysts 

Catalyst designation 
and origin 

Catalyst preparation Catalyst characteristics Ref. 

KOH/clinoptilolite 
Clinoptilolite (Semnan, 
northeast of Iran) 

Impregnation 
• Impregnation under constant stirring at 60 °C for 24 h 
• KOH/clinoptilolite ratio of 1:4 
• Drying and calcination at 400 °C for 5 h 

Content (XRF), %: (SiO2) 60.6; (K2O) 25.5;  
(Al2O3) 6.8; (Na2O) 1.2; (Fe2O3) 1.1; (CaO) 1.0; 
(MgO) 0.65; (TiO2) 0.11  

[45] 

K-/Na-/Ca-/Mg-
/clinoptilolite 

Green alkali modification  
• Mechanical activation 
• Alkali modification (nitrate salts of Ca, Mg, K, and Na) 

under ultrasonic irradiation and magnetic stirring 
(500 rpm) for 1 h 

• Green-tea solution reducing agent for 4 h with mixing, 
ageing for 24 h 

• Extensive washing, and drying (70 °C for 12 h) 

Mg/clinoptilolite 
Content (EDX), %: (Mg) 8.7, (Si) 20.8, (Al) 5.0,  
(K) 4.3, (Fe) 3.1, (O) 49.4  
2  / ° (XRD): (clinoptilolite) 24, 28.15;  
(MgO) 29.8, 43.13  
Specific surface: 342.5 m2 g-1  
Total volume: 0.05 cm3 g-1 
Average pore size: 19.6 nm 
Basicity: 4.34 mmol g-1  

 (FTIR) / cm-1: (water) 3412, 1640 3412, 1640; 
(zeolitic structure) 1041, 466  

[48] 

KOH/zeolite 
Bandung (Indonesia) 
natural zeolite, 
mordenite type. 

Zeolite activation 
• Sieved (230 mesh) 
• 6 M HCl for 4 h with stirring 
KOH modification 
• 50 % KOH + zeolite under ultrasonic radiation 
• Dried for 24 h and calcined at 450 °C for 4 h 

Content (XRF), %: (Si) 40.7; (K) 38.7; (Fe) 10.2; 
(Ca) 8; (Ti) 1; (Sr) 0.5  
2  / °(XRD): (KOH) 31, 34, 38; (zeolite) 13.4, 
19.6, 22.2, 25, 26.2, 27.6, 30.8 

[46] 

NaOH/zeolite 
Natural clinoptilolite 
from Lampung, 
Indonesia 

Pretreatment 
• Immersed in 1 % HF for 30 min, washed, and dried for 2 h 
Impregnation 
• 2 M NaOH + zeolite for 24 h and dried for 2 h 

Content (XRF), %: (Na) 20.5 [53] 

K/zeolite 
Mordenite type 

Incipient wetness impregnation 
• Natural zeolite was sieved (150-200 mesh) 
• 0.5 M H2SO4 activation at 90 °C for 4 h 
• Washed & dried 
• Stirring with KNO3 for 24 h 
• Calcination at 400 °C for 4 h 

Content (AAS), %: (K) 4.76 
Specific surface area (BET): 111.6 m2 g-1 
Average pore size: 8.3 nm 
2 / ° (XRD): (K2O) 31, 39, 51, 55; (zeolite) 
12.4, 19.4, 29.9, 37.1, 45, 56, 60.6; 
 (FTIR) / cm-1: (broad peak) 3400-3700, 
1080, 550 

[47] 

KOH/zeolite  
Natural zeolite Bayah 
Banten (Indonesia) 

Impregnation 
• Natural zeolite was sieved (<50 mesh) 
• Dried at 110 °C for 24 h 
• KOH solution impregnated at 60 °C for 26 h 
• Vacuum separated, dried for 24 h and calcined at 

 450 °C for 4 h 

- [49] 

K2O/zeolite 

Impregnation 
• Natural zeolite was crushed and dried 
• KOH solution impregnated at room temp, dried for  

24 h and calcined at 500 °C for 3 h 

Acid number of WCO: 2.92 mg KOH g-1 
Crystal phase (XRD): no K2O or KOH peaks are 
observed  

[50] 

K2CO3/zeolite 
Natural zeolite from 
Tapanuli Utara, North 
Sumatera, Indonesia 

• Zeolite was treated with 30 % (v/v) H2O2, separated, 
dried for 24 h, and milled (140 mesh) 

Impregnation 
• Treated zeolite + (45 g / 60 ml H2O) K2CO3 (w/w=1:4), 

mixed at 60 °C for 2 h 
• Dried at 60 °C for 24 h, vacuum filtrated, dried at 110 °C 

for 24 h, and calcined at 450 °C for 4 h 
• Milled (140 mesh) 

Content (AAS): 11.24 % K2CO3 [51] 

Zeolite 

Zeolite activation 
• Natural zeolite crushed and dipped with H2SO4 for 0.5 h, 

aged for 24 h 
• Calcined at 450 °C for 2 h 

- [54] 
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Catalyst designation 
and origin 

Catalyst preparation Catalyst characteristics Ref. 

Na-zeolite/Fe2(SO4)3 
Natural zeolite from 
Kenya 
Clinoptilolite and 
kaolinite type 

Zeolite activation 
• Natural zeolite crushed, sieved (0.25-0.5 mm), washed 

and dried for 24 h 
• Acid treated: 16 % HCl at room temp. for 12 h, washed, 

dried, and calcined at 300 °C for 4 h 
Cation exchange 
• H-zeolite: 0.1 M NH4NO3 refluxed at 80 °C for 3 h, dried, 

and calcined at 300°C for 4 h 
• Na-zeolite: 1 M NaCl refluxed at 90 °C for 72 h, washed, 

dried for 4 h and calcined at 300°C for 3 h 
• Fe2(SO4)3 was added into reactor (w/w =1/2) 

Natural zeolite: 
Si/Al = 3.98 
Content (ICP-AES), %: (SiO2) 62.2, (Al2O3) 
13.3, (CaO) 12.0, (Fe2O3) 4.8, (Na2O) 3.1, 
(MgO) - 1.6 
 (FTIR) / cm-1: bands typical for zeolites at 
3000-4000 (broad band), 1640, 500-1100, 
400-500 

[55] 

Zeolite 
2 % Ru/zeolite 
2 % Ag/zeolite 
2 % Pd/zeolite 
2 % Pt/zeolite 

Impregnation 
• Precursor salts: hexachloroplatinic acid, ruthenium 

chloride, palladium nitrate, and silver nitrate 
• Dried for 2 h, calcined in air at 400 °C for 4 h,  

and before the reaction reduced in 5 % H2-95 % Ar  
at 300 °C for 1.5 h 

Specific surface area (BET), m2 g-1: 25.95 (Z), 
26.37 (Ru/Z), 21.32 (Ag/Z), 21.35 (Pd/Z), and 
16.11 (Pt/Z) 
Average pore radius, nm: 4.09 (Z), 5.84 
(Ru/Z), 6.20 (Ag/Z), 6.38 (Pd/Z), and 6.67 
(Pt/Z) 
NH3-TPD total acidity, mmol g-1: 1.0 (Z), 2.3 
(Ru/Z), 1.9 (Ag/Z), 1.9 (Pd/Z), and 2.1 (Pt/Z) 
CO2-TPD, total basicity, mmol g-1: 0.8 (Z), 0.6 
(Ru/Z), 0.5 (Ag/Z), 0.5 (Pd/Z), and 0.6 (Pt/Z) 
Natural zeolite: 
XPS: Si/Al = 4.42 
Identified crystal phase(XRD): mordenite, 
calcite, clinoptilolite and quartz 

[56] 

 

Table 4. Review of the optimal reaction conditions when using natural zeolitic materials as a catalyst/catalyst support 

Catalyst designation Feedstock Reactor type 
Optimal reaction conditions 

Yield (con-
version), % 

Ref. 
T / °C 

CC*, 
wt.% 

t(τ) / 
min 

Alcohol to oil molar 
(volume) ratio 

Continuous processes 

KOH/clinoptilolite 

WCO metha-
nolysis 
Acid value of 
3.12 mg KOH/g 

Microreactor 65 8.1 (13.4) (2.25:1) (97.4) [45] 

Batch processes 

Mg/clinoptilolite 
WCO 
methanolysis 

Stirred batch 
reactor 

70 4 120 16:1 98.7 [48] 

70 % KOH/zeolite 
Mordenite from 
Bandung, Indinesia 

Castor oil 
methanolysis 

Stirred batch 
reactor 

55 17 420 15:1 92.11 [46] 

NaOH/zeolite 
Natural clinoptilolite 
from Lampung, 
Indonesia 

Microalgal oil 
(Chlorella 
vulgaris) 
methanolysis 

Stirred batch 
reactor 

60 3 4 (50:1) 36.8 [53] 

K/zeolite 
Rice bran oil 
methanolysis 

Stirred batch 
reactor 

67.5 5 240 12:1 83.2 [47] 

KOH/ zeolite 
Natural zeolite bayah 
banten, Indonesia 

WCO 
methanolysis 

Stirred batch 
reactor 

60 3 120 7:1 94.8 [49] 

K2O/zeolite 

WCO methano-
lysis (HCl este-
rification as a 
pretreatment 

Stirred batch 
reactor 

65 2.5 120 8:1 95 [50] 

K2CO3/zeolite 
Natural zeolite from 
Tapanuli Utara, North 
Sumatera 

Rice bran oil 
methanolysis 

Batch stirred 
reactor (500 

rpm) 
65 4 180 10:1 98.2 [51] 

Zeolite 
Palm oil 
methanolysis 

Batch stirred 
reactor  

(200 rpm) 
65 0.75 120 14:1 85 [54] 

Na-zeolite/Fe2(SO4)3 
Natural zeolite from 
Kenya 

Jatropha 
curcas oil 
methanolysis 

Batch stirred 
reactor  

(600 rpm) 
65 28.9 330 6:1 57 [55] 
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Catalyst designation Feedstock Reactor type 
Optimal reaction conditions 

Yield (con-
version), % 

Ref. 
T / °C 

CC*, 
wt.% 

t(τ) / 
min 

Alcohol to oil molar 
(volume) ratio 

Zeolite 
2 % Ru/zeolite 
2 % Ag/zeolite 
2 % Pd/zeolite 
2 % Pt/zeolite 

Rapeseed oil 
methanolysis 

Autoclave 260 - 120 9:1 

Zeolite-67.2 
Ru/zeolite-71.0 
Ag/zeolite-71.6 
Pd/zeolite-73.8 
Pt/zeolite-94.6 

[56] 

*Catalyst content 

 

Natural zeolite from Bandung Indonesia modified with KOH was used for castor oil methanolysis [46]. By using 

demanding castor oil (about 84 % of ricinoleic acid) over the zeolite catalyst loaded with high content of KOH (70 wt.%), 

the FAME content of 92.1 % was obtained, but at a somewhat longer reaction time of 7 h. Unusual, but a reaction 

temperature (55 °C) slightly below the boiling point of methanol was shown to provide the best results in this case. 

Potassium as active species in KNO3 loaded natural zeolite mordenite type from Indonesia did not show activity as similar 

catalysts [47]. In the reaction with rice bran oil under mild reaction conditions, but at a slightly higher temperature (67.5 °C), 

a FAME yield of 83.2 % in 4 h was obtained. On the other side, another potassium-modified natural zeolite catalyst, showed 

significantly better activity [48]. Also, under mild reaction conditions (catalyst loading of 4 wt.%, methanol to waste cooking 

oil molar ratio of 16:1, and reaction temperature of 70 °C) the catalyst achieved a biodiesel yield of 93.6 % in 2 h. A similar 

catalyst in the same study showed even better performance, i.e., magnesium-modified natural zeolite achieved a biodiesel 

yield of 98.7 % under the same reaction conditions. The authors of this study gave the synthesized materials a green and 

environmental insignia, because they used a green alkali modification synthesis method based on one step using a green 

tea-based reducing reagent. In addition, the catalysts showed very good reusability.  

Also, good activity results were obtained by another potassium-loaded zeolite catalyst, obtained by impregnation of 

natural Bayah Banten zeolite from Indonesia by KOH [49]. The FAME yield of 94.8 % was achieved in 2 h of reaction with 

WCO. A similar short study [50], in terms of the catalytic material and reactor system, showed a great potential of a 

KOH/natural zeolite catalyst for biodiesel production. In specific, 25 % nominal KOH impregnated on natural zeolite from 

Indonesia achieved a high biodiesel yield of 95 % in 2 h of reaction with a rather low methanol to oil ratio of 8:1 and catalyst 

loading of 2.5 wt.%. It should be noted that WCO was pretreated with HCl to esterify FFA. The rice bran oil methanolysis 

over K2CO3 loaded on natural zeolite from North Sumatra, Indonesia, under mild reaction conditions resulted in a biodiesel 

yield of 98.2 % in 3 h [51]. All these presented studies were conducted in simple batch-stirred reactors, except for one 

study that was performed under continuous reaction conditions [42]. A KOH/clinoptilolite catalyst (clinoptilolite originating 

from Semnan, Iran) was used in a microreactor for the methanolysis reaction with WCO [45]. The microreactor consisted 

of a micromixer and a microtube (5 m long, 0.8 mm in diameter) and was equipped with a peristaltic pump to transport 

reactants. In this study, the already demonstrated advantage of microreactors as compared to classical batch-stirred 

reactors were confirmed [52]. This is reflected in the required time to reach the reaction equilibrium of 2 h in a batch-

stirred reactor, while it took only 13.4 min in the microreactor in which case a biodiesel yield of 97.4 % was achieved. It 

should be considered that WCO with an acid value of 3.12 mg KOH g-1 was used in the reaction. 

Sustainable biodiesel production was investigated in a study combining the use of natural zeolite as a catalyst and 

microalgal oil (Nannochloropsis oculate and Chlorella vulgaris) as a feed [53]. Natural clinoptilolite from Lampung in 

Indonesia was simply activated by NaOH even without the usual thermal activation, which certainly resulted in 

significant energy savings. In this study, Chlorella vulgaris oil showed better potential than Nannochloropsis oculate oil 

as a feedstock resulting in 98 % FAME yield as compared to 83.5 % obtained in the latter case under the same mild 

reaction conditions with a rather higher lipid to methanol volume ratio of 1:50. 

A neat simply acid-activated natural zeolite exhibited, surprisingly, solid performance in the reaction with palm oil 

and methanol [54]. Under mild reaction conditions and 2 h of reaction time, the FAME yield was 82.5 %. 

A catalyst obtained in a relatively complex manner (Table 4), based on cation exchange with Na in natural 

clinoptilolite from Kenya followed by additional chemical modification with Fe2(SO4)3, was used in difficult reaction 

conditions with very high FFAs level (about 14 %) in Jatropha oil [55]. It was shown that such a demanding oil for the 

transesterification reaction with the proposed catalyst should have been pretreated by esterification. The highest FAME 
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yield of only 57 % was achieved in 6 h of reaction, and, based on the FAME profile vs. time, the reaction has reached 

equilibrium. It turned out that the added Fe2(SO4)3 in a w/w ratio of 1:2 was unable to catalyse esterification and the 

overall catalytic activity was primarily in the transesterification reaction. 

Noble metals, like Pd, Ru, and Ag, supported by natural zeolite exhibited modest activity in the methanolysis of 

vegetable oil, bearing in mind that the reaction took place in an autoclave at an elevated temperature (260 °C) and only 

Pt/zeolite was achieved the FAME yield of 94.6 % in 2 h [56]. Interestingly, the neat natural zeolite achieving a FAME 

yield of 67.2 % was even more active than the Pd/zeolite catalyst, and it was approximately as active as the other two 

investigated catalysts, Ru/zeolite and Ag/zeolite. These catalysts exhibited an unusual reaction behaviour in their 

selectivity, inducing a TG conversion higher than 95.3 %.  

3. 2. Synthetic zeolite-based catalysts 

Synthetic zeolitic-based materials are a very important group, especially as they have been widely exploited in many 

large-scale industrial processes [25,57]. Many zeolite framework types exist, but for catalytic purposes currently 

commercially are employed only a dozen such as Beta, ZSM, FAU, MFI, MOR, etc. [25]. The average pore diameter in 

these zeolites is about 1.0 nm (Table 5), which can be a problem for applications in reactions involving large molecules. 

TG and FAME molecules are relatively large [58], so preparation or use of mesostructured materials is a necessity in 

these cases to overcome diffusion limitations. Generally, synthetic zeolite-based catalysts showed very high activity, 

reaching the reaction equilibrium in only 30 min, but in some cases, the biodiesel yield was insignificant, which largely 

depended on the reaction conditions, the used reactor system, and the type of oily feedstock ( 

Table 6). These catalysts exhibited a very high specific surface area (Table 5) compared to the other zeolite-based 

catalysts (Tables 3, 7, and 8) and, correspondingly, a smaller pore diameter. Interestingly, such morphological 

characteristics did not negatively affect the catalyst activity, because the small pore diameter limiting the access of 

molecules from the reaction mixture was compensated by the large external surface area of the catalyst, which was one 

to two orders of magnitude greater than that of, for example, natural zeolite-based catalysts. 

Biodiesel production from low-quality fatty substrates, such as waste oils or some inedible oils, is certainly 

challenging. A relatively new approach was proposed and termed hydro-esterification involving hydrolysis of TG in the 

first step, and esterification of FFA in the second [59]. The hydrolysis step is insensitive to the moisture content or low 

pH of the feedstock, so impurities are removed from the oily feed in a robust process.  

 
Table 5. Review of preparation routes and characteristics of synthetic zeolite-based catalysts 

Catalyst designa-
tion and origin 

Catalyst preparation Catalyst characteristics Ref. 

H-ZSM-5 
SiO2 to Al2O3 
ratio (SAR) of 15 
SAR of 140 

Commercial catalyst 
• Calcined in the air at 550 °C for 5 h with a heating rate  

of 2 °C min-1  

Structural parameters:  
Surface area, m2 g-1: (SAR 15) 410;  
(SAR 140) 450  
Micropore volume, cm3 g-1: (SAR 15) 0.09; 
(SAR 140) 0.12  
Pore size, nm: (SAR 15) 0.51×0.55;  
(SAR 140) 0.53×0.56 
NH3-TPD, mmol g-1: (SAR 15) Brønsted sites 
0.27; (SAR 140) Brønsted sites 0.99 

[59] 

Gismondine-
based: 
Na-MAP 
K-MAP 
CsK-MAP 
K-A 
CsK-A 
FAU-based: 
Na-X 
K-X 
CsNa-X 
Na-Y 
K-Y 
CsNa-Y 

Cs- and CsK-containing zeolites: 
• Na-form of zeolites A, MAP, X, and Y was treated with the 

solutions of CsNo3 and CsOH (4/1 v/v) at 80 °C for 1 h. 
• Washed and dried overnight at 80 °C. 
• Calcination in the air at 450 °C for 2 h with a heating rate  

of 1 °C min-1. 
Other zeolites were commercial 

TGA: (Na-MAP) ≈20 wt.% H2O loss (25-350 °C) 
Content (EDX), 
Si/Al: (Na-MAP) 1.0;  (K-MAP) 1.0;  
(CsK-MAP) 1.0; (K-A) 1.0;  (CsK-A) 1.0;  
(K-Y) 2.5; (CsNa-Y) 2.5; (K-X) 1.2;  (CsNa-X) 1.2 
Na/Al: (Na-MAP) 1.0; (K-MAP, CsK-MAP) 0.1; 
(K-A) 0.55; (CsK-A) 0.5; (K-Y) 0.2;  
(CsNa-Y) 0.35; (K-X) 0.4; (CsNa-X) 0.6 
N2-physisorption, BET, m2 g-1:  
(K-A) 15; (K-MAP) 45; (K-X) 615, (K-Y) 670. 
Total basicity (TPD-CO2), µmol g-1:  
(Na-MAP) 235, (Na-X) 275; (Na-Y) 320;  
(K-Y) 345; (K-X) 390; (K-A) 420, (K-MAP) 430 

[62] 
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Catalyst designa-
tion and origin 

Catalyst preparation Catalyst characteristics Ref. 

Mo-NaBeta 

NaBeta zeolite support 
• NaOH + NaAlO2 + tetraethylammonium hydroxide (TPAOH) 

stirred at room temp. for 1 h. 
• Silica gel is added, stirred (1 h). 
• A cationic copolymer containing quaternary ammonium 

groups (RCC) added dropwise  
[the resulting gel - 
Al2O3/32SiO2/2Na2O/0.01RCC/2.6TPAOH/296H2O] 
• Autoclave crystallization at 140 °C for 6 days. 
• Filtered, dried, and calcined at 550 °C for 6 h. 
Mo-NaBeta catalyst 
• Incipient wetness impregnation method with ammonium 

molybdate. 
• Aged for 24 h, dried, and calcined at 550 °C for 3 h. 

2  / ° (XRD): (NaBeta zeolite) 7.7, 21.4, 
22.5, 25.4, 27.1 
λ (Raman) / cm-1: (MoO3 phase) 116, 129, 
157, 246, 278, 338, 381, 668, 821, 997 
Specific surface area (BET): 453 m2 g-1 
Average pore diameter: 5.4 nm 
Vmesopore: 0.18 cm3 g-1 
Vmicropore: 0.13 cm3 g-1 
H4 hysteresis 

[63] 

HPW/ZIF-67 
(HPW modified 
Co-based zeolite 
imidazole 
framework) 

ZIF-67 synthesis 
• Cobalt nitrate + methanol and 2-methylimidazole + 

methanol were ultrasound treated for 15 min. 
• Stirred at ambient temp. for 4 h, centrifuged, washed x3, 

and dried overnight at 130 °C. 
HPW/ZIF-67 synthesis 
• HPW + ZIF-67 was ultrasound treated for 30 min. 
• Stirred at ambient temp. for 24 h, centrifuged, washed x3, 

dried in vacuum at 200 °C. 

Specific surface area (BET):  
1137 m2 g-1 (88.7 % micropore)  
Average pore size: 3.16 nm 
Ishoterm Type I with H3 hysteresis 
Basicity: 2.46 mmol g-1 (Lewis/Brønsted acid 
ratio=0.18) 
λ (FTIR) / cm-1: (HPW) 808, 889, 947, 1043 

[67] 

CaO/zeolite 
(ZSM-5; CAS No. 
1318-02-1) 

• Zeolite activation by calcination in air at 500 °C for 4 h 
(autoclave). 

Impregnation 
• Calcium acetate + zeolite solution was aged for 12 h. 
• Dried and calcined in the air at 700 °C for 3 h. 

35 % CaO/zeolite 
λ (FTIR) / cm-1: (bi-carbonate group) 1640 
and 1400; (Ca-O group) 528 
TPD-CO2: (Desorption peaks) 87, 336, 634, 
695 and 886 °C 

[61] 

HMCM-36 
(MWW zeolite 
type) 

MCM-22(P) 
• Hydrothermal synthesis  

NaAlO2 + H2O and NaOH + H2O mixed, hexamethylenimine 
added and stirred for 45 min, Aerosil 200 + H2O was added 
under vigorous stirring for 2 h. 
Resulting gel (1 SiO2/0.09 Na2O/0.5 HMI/45 H2O/0.01 
Al2O3) 
Crystallization: stirred (600 rpm) at 135 °C for 8 days, 
washed, and dried overnight at 75 °C. 

MCM-36 
• Swelling: MCM-22(P) + CTAB + TPAOH + H2O (w/w; 

1/5.61/2.44/21.4) stirred at 40 °C for 48 h; washed and 
dried at 75 °C. 

• Pillaring: swollen material + TEOS was stirred at 80 °C  
for 24 h; filtered, dried at 30 °C for 12 h. Samples + H2O 
(w/w; 1/10) hydrolysed at 40 °C for 5 h, and dried at 30 °C. 

• Two-step calcinations: 6 h at 450 °C in N2 (1 °C min-1) and 
12 h at 550 °C in the air (2 °C min-1). 

HMCM-36 
• Ion exchange: 1 M NH4NO3 solution for 8 h (pH 7, NH4OH), 

filtered, dried and calcined at 500 °C for 5 h 

Specific surface area (BET), m2 g-1: 635, 205 
(micropore), 430 (mesopore) 
Isotherm Type IV 
DRIFT pyridine ads., µmol g-1: (Brønsted 
sites) 34.3; (Lewis sites) 10.2 
λ (FTIR) / cm-1: 1087, 805, 595, 554 

[65] 

Lipozyme-TL/FM-8  
(Commercial  
FM-8 zeolite, 
mordenite type) 

Lipase immobilization 
• Zeolite + lipase enzyme (2.5 mg mL-1) + 0.1 M phosphate 

buffer (pH 7) aged for 18 h at room temp 

Chemical composition of zeolite: 
Na0.17[(AlO2)1.10(SiO2)0.45]1.34H2O 

[66] 

Ba-Sr/ZSM-5 

Incipient wetness impregnation method 
• ZSM-5 zeolite calcined at 600 °C for 6 h 
• Impregnated with 6 wt.% of Sr(NO3)2 
• Impregnated with 4 wt.% of Ba(NO3)2 
• dried for 12 h and calcined at 600 °C for 6 h 

Specific surface area (BET): 224.2 m2 g-1 
Average pore diameter: 1.89 nm 
Phase (XRD): identified phase - Al2SiO8, BaO, 
SrO (monoclinic), and Al2O3SiO2 
(orthorhombic) 
λ (FTIR) / cm-1: (H2O) broad band at 3454 & 
1636, (Lewis acid sites) ≈1490, (Brønsted 
acid sites) 1540-1630, (SrO & BaO) 520-600 

[60] 
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Catalyst designa-
tion and origin 

Catalyst preparation Catalyst characteristics Ref. 

2D Na/ITQ-2  
(Two-dimensi-
onal MWW-type 
structure) 

Rotational hydrothermal synthesis of 2D zeolite 
• Hexamethyleneimine (HMI) as an organic structure-

direction agent, starting gel was 1.0 Al2O3 : 30 SiO2 : 
2.5 Na2O : 10 HMI : 580 H2O 

• NaOH & NaAlO2 were dissolved in H2O + colloidal silica 
(40 wt.%) & HMI and stirred for 3 h 

• Crystallization: stirred autoclave at 140 °C for 4 days 
• Centrifuged, washed with H2O & ethanol and dried at 80 °C 
• A precursor was suspended in aqueous 

cetyltrimethylammonium hydroxide/tetrapropylam-
monium hydroxide at 85 °C for 16 h 

• Delamination: ultrasound bath for 1 h at 50 °C & pH of 12.5 
• Washed, dried and calcined at 600 °C for 8 h 

Solid-state ion exchange 
• Ion exchange with 1 M NH4NO3 at 80 °C for 8 h 
• 1 mmol alkali & alkaline-earth acetate was mixed with 

zeolite support and grinded (1:1 of molar ratio) 
• Calcined at 600 °C for 10 h 

Content (ICP-OES), 2.1 wt.%: Na,  
Na/Al = 1.2, Si/Al = 22 
Specific surface area (BET): 613 m2 g-1 
Vmeso / cm3 g-1: 0.77 
Vmicro / cm3 g-1: 0.08 
Type IV isotherm 

[64] 

 
Table 6. Review of optimal reaction conditions when using synthetic zeolite-based materials as catalysts/catalyst supports 

Catalyst designation Feedstock Reactor type 
Optimal reaction conditions Yield 

(conversion), 
% 

Ref. 
T / °C 

CC*, 
wt.% 

t / min 
Alcohol to oil 
molar ratio 

H-ZSM-5 WCO methanolysis 

Stirred batch  
• Two-step reaction 
• Hydrolysis (H) with 

water  
• Esterification I with 

ethanol 

H-100 
E-77 

H & 
E=5 

240 
H (water to 

oil)-3:1 
E-3:1 

H-(40) 
E-(63) 

[59] 

K-MAP 
(K-form of synthetic 
gismondine based on 
the maximum Al P) 

Refined rapeseed oil 
methanolysis 

Pressured stirred batch 
high power density (Bio-
tege Initiator + single-mo-
de microwave system)  

160 5 15 12:1 
(96), 
[TOF,  

h-1 = 202] 
[62] 

7 % Mo-NaBeta Rice bran oil methanolysis Stirred autoclave (300 rpm) 140 1.5 480 13.7:1 (84.6) [63] 

0.25 HPW/ZIF-67 
Microalgal oil (Chlorella 
vulgaris) esterification 
and methanolysis 

Autoclave 200 1 90 20:1 (98.5) [67] 

CaO/zeolite Waste lard methanolysis Microwave (595 W) - 8 75 30:1 90.1 [61] 

HMCM-36 
Palmitic acid 
esterification 

Stirred batch reactor 80  360 30:1 (100) [65] 

Lipozyme-TL/FM-8  WCO methanolysis Stirred batch (200 rpm) 
Room 
(24) 

4 1440 4:1 
Insignificant 

(≈0.65) 
[66] 

Ba-Sr/ZSM-5  
(6 wt.% Sr; 4 wt.% Ba) 

Sunflower oil 
methanolysis 

Stirred batch (500 rpm) 60 3 180 9:1 87.7 [60] 

2D Na/ITQ-2 (2D MWW 
-type structure) 

Triolein methanolysis Stirred batch (1000 rpm) 60 15 60 10:1 95 [64] 

*Catalyst content 

In that manner, this step circumvents soap formation as a major drawback of common and commercialised biodiesel 

production processes. A commercial H-ZSM-5 catalyst was used for the hydro-esterification of WCO under relatively 

mild reaction conditions (under 100 °C). Structurally the catalyst had a small pore size (about 0.55 nm) unfavourable for 

this kind of reaction, and consequently very high surface area, but the displayed activity was surprising. In 4 h of 

reactions, WCO hydrolysis with 40 % conversion into a fatty acid mixture and 63 % conversion of the synthesized fatty 

acids in esterification to biodiesel was observed. ZSM-5 zeolite supporting Ba and Sr was used in another study [60] 

showing solid activity under mild reaction conditions. 

Yet, more interesting, the biodiesel yield did not fluctuate much with the change in reaction parameters such as the 

methanol to oil molar ratio, reaction time, and even the reaction temperature. The highest biodiesel yield (87.7 %) was 

achieved in 3 h of reaction. The best methanol to oil molar ratio was found to be 9:1, but in the whole interval from 3:1 to 

21:1 ratio, the yield was almost constant, even at the theoretical molar ratio of 3:1. Also, the influence of reaction 
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temperature in the range from 50 °C to 65 °C was negligible. ZSM-5 zeolite impregnated with CaO showed a biodiesel yield 

of 97.1 % from waste lard under mild reaction conditions in 1.25 h of reaction in a microwave reactor [61]. To achieve such 

a good activity of the catalyst in a relatively short reaction time, it was necessary to load 35 wt.% CaO on the zeolite surface.  
 

Table 7. Review of preparation routes and characteristics of zeolitic materials obtained from natural or waste sources 

Catalyst designation 
and origin 

Catalyst preparation Catalyst characteristics Ref. 

Co-Ni-Pt-FAU 
FAU-type zeolite 
prepared from shale 
rock (Wexford, 
Ireland) 

Zeolite 
• Shale was crushed, sieved (˂90 µm), and calcined in 

air at 800 °C for 4 h 
• Deferrization: 5 M HCl at 85 °C for 4 h 
• Alkali activation: 1:1.5 m/m, 40 wt.% NaOH, heated in 

air at 850 °C for 3 h, crushed 
• Fused shale + sodium silicate + water, stirred (3 h), 

aged at room temp. for 18 h 
• Hydrothermal treatment: 100 °C for 24 h 
NH4

+ zeolite (H-FAU) 
• 3x (2 M ammonium chloride+ zeolite stirred at room 

temp. for 2 h, washed) 
• Washed, dried, and calcined in air at 500 °C for 4 h 
Co-Ni-Pt-FAU 
• Incipient wetness method (Co, Ni, and Pt precursors 

in 0.1 M HCl), loadings of 1 wt.% 
• Dried and calcined in air at 500 °C for 4 h 

Specific surface area (BET), m2 g-1: (H-FAU) 
571; (CO-Ni-Pt-FAU) 490  

[57] 

Zeolite  
Steel furnace slag 

• Furnace slag was ground (˂90 µm) and calcined at 
700 °C for 3 h 

• 3 M HCl at 100 °C for 2 h 
• Hydrated silica-gel (90 % of silica) was separated, 

filtered, rinsed 2, dried, powdered and dissolved in 6 
M NaOH + NaAlO2  

• The solution was stirred at room temp. for 1 h and 
another 1 h at 90 °C 

Crystallization 
• In autoclave at 100 °C for 6 h, filtered, washed, dried, 

and calcined at 450 °C for 4 h 

2  ° (XRD): (zeolite structure) 24.7, 29.6, 
39.2, 57.1 
Mass loss temperature (TGA), °C: 100-150, 
450, and 800 
Specific surface area (BET): 10.3 m2 g-1 

[72] 

HY-kaolin 
Zeolite prepared 
from Iraqi kaolin clay, 
faujasite structure  

NaY zeolite 
• Sieved kaolin + 40 wt.% NaOH (w/w=1:1.5) was 

heated at 850 °C for 3 h; milled 
• Activated kaolin + Na silicate + H2O was stirred at 50 

°C for 1 h (pH=13.3); aged at 50 °C for 24 h and 
crystallized at 100 °C for 48 h 

• Washed, dried at 110 °C for 16 h, and calcined in air 
at 500 °C for 1 h 

HY zeolite 
• NaY + 1 M NH4NO3 was stirred at 100 °C for 4 h 
• NH4Y zeolite was washed, dried at 100 °C for 6 h, and 

stirred with 0.5 N oxalic acid at room temp. for 8 h 
• Washed, dried, and calcined in air at 550 °C for 5 h 

Content (XRF), %: (Al2O3) 15.92; (SiO2) 
58.11; (CaO) 4.11; (Fe2O3) 3.19, (MgO) 1.22 
2  ° (XRD): 6.3, 15.8, 23.8 
Specific surface area (BET):  
390 m2 g-165 % of zeolite Y purity 

[74] 

Zeolite/chitosan/KOH 
Clinoptilolite zeolite 

Impregnation 
• Zeolite/chitosan powder + KOH aqueous solution 

(w/w=1:4) was stirred at 60 °C for 24 h; dried and 
calcined at 450 °C for 4 h 

2  ° (XRD): (chitosan) 10, 20; (zeolite) 6.6, 
9.8, 22.2, 22.4, 25.7, 26.6, 27.6, 28.1, 29.9; 
(K2O) 31.5, 32.4 
λ (FTIR) / cm-1: 2874, 1668, 1348, 1021, 
821, 703, 460.8 

[68] 

LTA-kaolin 
Linde type A zeolite 
from kaolin 

• Kaolin calcination at for 800 °C for 10 h 
Hydrothermal synthesis 
• 1.4 wt.% kaolin + H2O + NaOH (kaolin/NaOH=1/2) at 

90 °C for 24 h; washed and dried at 110 °C for 24 h 
• Calcination at 400 °C for 6 h 

Specific surface area (BET):  
44.9 m2 g-1 
Content (NMR): Si/Al = 1.16 
λ (FTIR) / cm-1: 1076, 804, 557, 474 

[73] 

Na/zeolite-chitosan 
Clinoptilolite zeolite 

Impregnation 
• Chitosan + zeolite + methanol (5 % v/v) mixed for  

3 h + methanol (5 %) mixed for another 2 h 
• 0.5 M NaOH added drop-wise, mixed (100 rpm) for 3 

h, dried at room temp. 

Content (EDX), wt.%: I 37.2, (Na) 11.7, (Si) 
10.3, (Al) 1.9, (O) 37.5 
Mass loss (TGA): 5 % at 700 °C 
Specific surface area (BET): 
3.73 m2 g-1 (8.3 for zeolite) 
λ (FTIR) / cm-1: 1560, 1021, 643 

[69] 



Hem. Ind. 77(1) 5-38 (2023) D. M. MARINKOVIĆ and S. M. PAVLOVIĆ: CATALYTIC MATERIALS FOR BIODIESEL PRODUCTION 

18  

Catalyst designation 
and origin 

Catalyst preparation Catalyst characteristics Ref. 

Na/CAN 
Cancrinite-type 
zeolite 
Natural 
diatomaceous earth 
(Vietnam) 

Hydrothermal synthesis 
• Sieved with mesh No. 50  
• Diatomite + NaOH + Al2O3 + H2O stirred at 800 rpm 

for 30 min at room temp. and aged for 30 min 
• Hydrothermal reaction at 220 °C for 12 h 
• Washed, dried and calcined at 500 °C for 6 h 

Phase (XRD): the complete transformation 
of diatomite to CAN zeolite 
λ (FTIR) / cm-1: Typical CAN zeolite bands at 
1036, 1003 and 966, 760, 683  
TGA: evaporation of H2O bounded in pores at 
300-400 °C; dehydroxylation of silanol groups 
at ≈575 °C and change in aluminium structure 
on zeolite) at ≈800 °C 
Specific surface area (BET), m2 g-1:  
29.83 (fresh), 30.41 (spent) 

[77] 

FAU-type zeolite 
Irish shale rock 

Hydrothermal synthesis 
• Clean shale was crushed, sieved (<90 µm) and 

calcined in air at 800 °C for 4 h 
• Acid treated: 5 M HCl at 85 °C for 4 h 
• Alkali fusion: 40 wt.% NaOH (1/1.5 w/w), heated at 

850 °C for 3 h, crushed  
• Hydrothermal treatment: fused shale + Na2SiO3 + H2O 

stirred at room temp. for 3 h, aged for 18 h, 
hydrothermally treated at 100 °C for 24 h 

NH4 form 
• Prepared zeolite + 2 M NH4Cl stirred at room temp. 

for 2 h, the procedure was repeated 3 times 
• Washed, dried, and calcined at 500 °C for 4 h 

Si/Al = 1.98 
Specific surface area (BET): 
571 m2 g-1 
Average particle size: 2 µm 

[76] 

Ni/zeolite 
Geothermal solid 
waste 

Hydrothermal synthesis 
• Si/Al molar ratio of 10:1 
• Solution of NaOH (heated at 100 °C and stirred at 300 

rpm) + Al(OH)3 + geothermal waste was stirred for 2 h 
at 30 °C 

• Hydrothermal process: autoclave at 100 °C for 6 h 
• Washed until pH=7 and calcined at 500 °C for 5 h 
Impregnation 
• Ni(NO3)2 solution (5 % w/w) at 60 °C for 4 h 
• Calcined at 500 °C for 5 h 

Geothermal solid waste composition, %: 
(SiO2) 75.1; I 23.3; (Na2O) 0.3; (Cl) 0.2; 
(Al2O3) 0.1 
2  ° (XRD): (analcime) 15.9, 26.1, 30.1; (NiO) 
43.0, 63.0, 75.0, 79.0 
EDX: Ni was highly dispersed on the surface 
Specific surface area (BET): 
81.9 m2 g-1 
Pore radius: 1.56 nm 

[70] 

Zeolite 
Geothermal solid 
waste (Indonesia) 

• Geothermal solid waste was washed, dried, and 
sieved (40 mesh) 

Hydrothermal synthesis 
• 3 M NaOH + geothermal waste + Al(OH)3 was mixed 

(300 rpm) at 100 °C for 2 h 
• Crystallization in an autoclave at 150 °C for 8 h  
• Washed (until pH 7-8), dried, and calcined at 550 °C 

for 5 h 

Content (XRF), %: (Fe) 9.3, (K) 8.2, (Cl) 6.7, 
(Ca) 6.7, (Si) 5.3, (S) 4.9, (P) 3.8, (As) 3.1, 
(Al) 2.2, (Sb) 2.0, (Zn) 1.9, (Cu) 1.5 
Si/Al = 2.39 
2  ° (XRD): (analcime) 16, 26.1, 30.7 
Specific surface area (BET): 
224.5 m2 g-1 

[71] 

 

Nano-crystalline synthetic gismondine-type MAP zeolite modified via cation exchange has been utilised as a highly 

active and selective catalyst to produce biofuel [62]. K-form of gismondine, based on the maximum aluminium MAP 

zeolite, exhibited a significant improvement in catalytic performance in the methanolysis of rapeseed oil in comparison 

with low silica zeolites FAU and LTA. Such behaviour was explained by its nanoparticle morphology and high basicity 

associated with the high Al content and a high degree of ion exchange. The highest yield of biodiesel (98 %) was obtained 

in only 30 min, but under microwave irradiation and elevated pressure and temperature of 1,5 MPa (15 bar) and 160 °C, 

respectively. It should be noted that also a high FAME yield (˃95 %) was obtained even after only 15 min of reaction. 

NaBeta zeolite was synthesized using a surfactant tetraethylammonium hydroxide in an energetically demanding 

process since the crystallization lasted for 6 days at 140 °C [63]. Finally, the catalyst was synthesized by impregnation of 

the zeolite support with molybdenum. The synthesized NaBeta zeolite possessed a very high specific surface area of 

650 m2 g-1, while by loading Mo, that surface area was certainly reduced, but it remained significant, higher than 

400 m2 g-1. The Mo content was optimized indicating the 7 % Mo/NaBeta zeolite catalyst as the most active, but still, its 

performance was limited yielding the TG conversion of 84.6 % in 8 h of reaction with rice bran oil in the autoclave at the 

elevated temperature of 140 °C. At a higher temperature a slightly higher conversion was achieved, however, the 

attempt to lower the temperature to 110 °C resulted in a very low catalytic activity (the TG conversion of about 37 % in 

8 h). Optimisation of several parameters were performed in this study showing that smaller catalyst particles (0.15 to 
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0.55 mm) exhibited uniform and better activity than 0.65 mm and 0.75 mm particles. Agitation (50-500 rpm) of the 

reaction mixture in the autoclave did not contribute to increasing the catalyst activity, while higher methanol 

concentrations contributed to better TG conversion, especially to higher reaction rates in the initial stage. 

 
Table 8. Review of preparation routes and characteristics of fly ash-based zeolitic materials 

Catalyst designation 
and origin 

Catalyst preparation Catalyst characteristics Ref. 

Zeolite 
• Coal fly ash 

zeolite, sodalite 
type 

Hydrothermal process 
• Alkali treatment: NaOH + H2O + NaAlO2 solution and 

NaOH + H2O + fly ash solution formed sticky gel structure 
• Aged for 6 days 
• Crystallized at 100 °C for 24 h 
• Washed until pH 9.0 and dried for 24 h 

Catalyst 
2  ° (XRD): (sodalite zeolite) 14.1, 24.5, 
31.8, 37.9, 43.2  
Specific surface area (BET): 9.7 m2 g-1 
Isotherm type-IV 
Coal fly ash 
Content (XRF), %: (SiO2) 68.4, (Al2O3) 14.8, 
(Fe2O3) 7.9, (CaO) 3.8, (K2O) 2.5, (TiO2) 1.2, 
(SO3) 0.6, (MgO) 0.3, (ZrO2) 0.1 
Specific surface area (BET):3.4 m2 g-1 

[79] 

FA/K-X 
• Zeolite from 

South African 
class F fly ash 

FA/Na-X 
• The conventional hydrothermal synthesis procedure 
FA/K-X 
• FA/Na-X was dried for 2 h + 1 M solution of  

K acetate (v/v=1/10), aged for 24 h at 70 °C. 
• Washed, dried at 120 °C for 2 h, and calcined in air 

at 500 °C for 2 h. 

Fly ash SiO2/Al2O3 = 1.65 
Specific surface area (BET):257 m2 g-1:  

Phase (XRD), 2Θ°: 12, 14, 24 
λ (FTIR) / cm-1: 300-430, 500-600, 620, 740, 
950 
Base strength: 15.0<H_<18.4 

[86] 

Li/NaY 
• Zeolite from 

Chinese coal fly 
ash 

Alkali activation: 
• Sieved fly ash + 0.5 M NaOH stirred at 80 °C for  

1 h; washed and dried at 100 °C for 3 h. 
• Grounded with NaOH and calcined at 850 °C for 2h. 
Hydrothermal synthesis: 
• Molar ratio of Al2O3:SiO2:Na2O:H2O = 1:8.8:4.3:250; 

stirring and ageing for 12 h. 
• Crystallization at 100 °C for 10 h, washed and dried. 
Microemulsion-assisted co-precipitation: 
• Ultrasound treated for 0.5 h (H2O + isooctane + 

polyethylene glycol + n-propanol + NaY zeolite + Li2CO4) 
• 1 M Na2CO3 was added in droplets under stirring at 60 °C 

for 1 h; aged for 12 h at 60 °C. 
• Washed x3, vacuum dried for 12 h, and calcined at 750 °C 

for 4 h (3 °C min-1) 

Li/NaY molar ratio = 1.1 
(TG): major weight loss ≈650 °C and ≈775 °C 
Phase (XRD): NaY and Li2CO3 peaks are not 
visible, new peaks of LiAlO2, Li4SIO4, Li2SiO3, 
and Li3NaSiO4 emerged  
Specific surface area (BET):  
105.7 m2g-1 
Average Pore size: 6.3 nm 
Basicity: 12.4 mmol g-1;  
Basic strength: 15<H_<18.4 
λ (FTIR) / cm-1: 3574, 3426, 1446, 952, 628, 
512 
Fresh and catalyst exposed to air for 10 days 
had very similar FTIR profile 

[85] 

CaO/ZMFA 

• Lignite coal fly ash 
(Serbia) 

• CaO from eggshell  

Thermo-chemical treatment 
• Fly ash was calcined at 850 °C for 2 h 
• Acidification: 6 M HCl (S/L=1:5) at 80 °C for 6 h, filtrated, 

washed (pH neutral), and dried 
Alkali activation 
• 6 M NaOH (S/L=1:5) at 260 °C for 4 h in the rotating 

miniature autoclave, filtrated, washed (pH 9), and dried 
Ultrasound-assisted impregnation 
• Raw eggshells, dried, grounded, and calcined at 900 °C for 

4 h 
• Calcined eggshells + 10 wt.% zeolite alcoholic suspension 

ultrasonically dispersed for 15 min 
• Dried and calcined at 550 °C for 4 h 

2  ° (XRD): (lime) 37.5, 43.7, 63.4 
Zeolite crystallite size: 47.8 nm; crystallinity 
degree of 81 % 
Catalyst crystallite size: 23.4 nm; crystallinity 
degree of 83 % 
λ (FTIR) / cm-1: (Zeolitic structure) 961, 684, 
626, 557; (CaO) 1436 
Porosity, %: (zeolite) 13.3; (catalyst) 86.5 
Specific surface area, m2 g-1: (zeolite) 15.7; 
(catalyst) 22.6 
Av. pore diameter, nm: (zeolite) 13.5; 
(catalyst) 18.2 
H2 hysteresis type;  
TPD-CO2, µmol g-1: 62.0 

[29] 

SC-Na 
• Zeolite from 

Korean coal fly 
ash 

• Fly ash + (3 M HCl + 4 M H2SO4) (w/w=1/2) mixed at 60 °C 
for 1.5 h; washed and dried 

• Precursor + NaOH mixed (w/w=1:3) and calcined at 
700 °C for 3 h 

Content (XRF), %: (Na2O) 60.2; (SiO2) 27.4; 
(Al2O3) 3.6; (Fe2O3) 1.4; (TiO2) 1.4; (CaO) 1.3 

[84] 

Zeolite X 
• Indian F-type coal 

fly ash 

Alkaline fusion: 
• Calcined at 850 °C for 2 h 
• 10 % hydrochloric acid at 80 °C for 1.5 h 
• Fly ash + NaOH (w/w=1/1.5) at 550 °C for 1 h 
Hydrothermal treatment: 
• Fusion mixture + H2O + 20 wt.% Na aluminate was 

crystallized at 90 °C for 8 h; washed and dried 
• Calcined at 500 °C for 2 h 

Si/Al molar ratio = 3.16 
Specific surface area (BET): 
727.7 m2g-1 

Type II isotherm, H3 hysteresis 
(XRD): major phase was quartz, crystalline 
mullite, and less intense hematite and 
amorphous glassy phase. 
Average particle diameter: 2-5 µm 

[83] 
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Catalyst designation 
and origin 

Catalyst preparation Catalyst characteristics Ref. 

AZ-KX 
• (Acid-treated X 

zeolite ion-
exchanged with K) 

• Zeolite prepared 
from Indian coal 
fly ash 

Zeolite activation 
• Calcination at 800 °C for 2 h 
• Acid treatment: hydrochloric acid (10 %) at 80 °C for 1 h. 
• Alkaline fusion: fly ash/NaOH=1:1.2; 1 h at 550 °C; 

30 wt.% of Na aluminate for Si/Al ratio control 
• Hydrothermal crystallization: 110 °C for 12 h 
Ion exchange 
• 1 M Potassium acetate + zeolite (S/L=1:10) heated at 60 

°C for 24 h; washed, dried, and calcined at 500 °C for 2 h 

Cation exchange capacity:  
380.6 meq 100 g-1 
Specific surface area (BET): 
334.7 m2 g-1 
Type II isotherm, H3 hysteresis 
λ (FTIR) / cm-1: 1467, 982, 756, 675 
TGA: 9 % at 950 °C 

[81] 

26Hydroxy sodalite  
• South African coal 

fly ash 

Hydrothermal treatment: 
• 6 M NaOH + fly ash (1:1.2 w/w) aged (800 rpm,  

70 °C, and 1.5 h) 
• Hydrothermal crystallisation at 140°C for 24 h; washed 

(until pH 10), and dried 

XRD: (crystallinity) 18 %; (crystal size) 21.1 nm 
Content (EDS), %: (Al) 16.5, (Si) 13.3, (Na) 4.9, 
(Ca) 2.7, (Fe) 1.1, (Mg) 1.0, (O) 59.4 
Si/Al = 0.81 

[82] 

CaO/FA-ZM 
• Lignite coal fly ash 

(Serbia) 
• CaO from eggshell 

Thermo-chemical treatment 
• Fly ash was calcined at 850 °C for 2 h 
• Acidification: 6 M HCl (S/L=1:5) at 80 °C for 6 h, filtrated, 

washed (pH neutral), and dried 
Alkali activation 
• 6 M NaOH (S/L=1:5) at 260 °C for 4 h in the rotating 

miniature autoclave, filtrated, washed (pH 9), and dried 
Hydration-dehydration method 
• Raw eggshell was washed, dried, ground, and calcined at 

900 °C for 2 h 
• Hydration: activated eggshells + 10 wt.% zeolite water 

suspension stirred (700 rpm) at 60 °C for 6 h 
• Dried and calcined at 650 °C for 4 h 

Fly ash was class F 
Si/Al (zeolite) = 2.28; Si/Al (catalyst) = 1.94 
Content (ED XRF), %: (CaO) 50.0, (SiO2) 24.1, 
(Al2O3) 12.7, (Na2O) 10.1, (Fe2O3) 1.9, (MgO) 1.2 
(XRD): lime, gismondine, and ά-dicalcium 
silicate phases identified 
λ (FTIR) / cm-1: (Zeolitic structure) 543; (CaO) 
1415, 871 
Porosity: (zeolite) 82.9 % (catalyst) 87.8 
Specific surface area, m2 g-1: (zeolite) 21.1, 
(catalyst) 18.7 
Average particle size, µm: (zeolite) 36.4, 
(catalyst) 17.7 
Basicity, mmol g-1: (zeolite) 0.36, (catalyst) 23.2 

[42] 

Kaliophilite 
• Circulating 

fluidized bed fly 
ash (Inner 
Mongolia, China) 

Fly ash-based geopolymer 
• Water glass + KOH (S/L=1.5) + fly ash stirred for 5 min, 

aged at 80 °C for 24 h 
Hydrothermal synthesis 
• Geopolymer + 6 M KOH at 180 °C for 24 h, washed, dried, 

and granulated (0.15-0.315 mm) 

2  ° (XRD): (kaliophilite) 20.85, 26.5, 26.7, 
33.3, 40.9 
λ (FTIR) / cm-1: (Kaliophilite structure) 985, 
698, 607, 561, 480  
(Adsorbed water) 3446, 1656 
Specific surface area (BET): 3.5 m2g-1 
Average pore size: 20.9 nm 
Type IV isotherm, H3 hysteresis 
Basic strength: 9.8˂H_˂15 

[87] 

 

Zeolites, conventionally used in three-dimensional forms generally induced mass transfer limitations, which affects 

the overall catalytic activity. To overcome this deficiency, a two-dimensional structure was designed with a large 

external surface area and hierarchical characteristics [64]. In the study, the solid-state ion-exchange method was 

adopted for Li+, Na+, K+, Ca2+, and Mg2+ loading on zeolite with an MWW-type structure. The investigation of the influence 

of cation type on the catalyst performance showed the following order in activity: Na+ ˃ K+ ˃ Ca2+ ˃Li+ ≈ Mg2+. The 

influence of the zeolite carrier type on the activity was also investigated indicating the two-dimensional Na/MWW 

zeolite catalyst as superior compared to the two-dimensional Na/MCM zeolite catalyst and a three-dimensional Na/Y 

zeolite catalyst. The most successful two-dimensional Na/MWW catalyst was synthesized by expansion, delamination, 

and subsequent solid-state ion-exchange approach using hexamethylene imine as an organic structure-directing agent 

under stirred hydrothermal process. The obtained catalyst possessed a very high total surface area of 613 m2 g-1, but 

the most significant result was that the material had the highest percentage of basic sites on the external surface areas. 

For only 1 h, the two-dimensional Na/MWW zeolite catalyst reached a biodiesel yield of 95 % under mild reaction 

conditions, in contrast to the three-dimensional Na/Y zeolite catalyst, which achieved a biodiesel yield of only 6 %. 

Layered MWW zeolite was also used for the esterification of palmitic acid [65]. The zeolite was modified by pillaring and 

swelling using cetyltrimethylammonium bromide (CTAB) and silica as swelling and pillaring reagents, respectively. In 

that manner, a mesoporous material was obtained with a very high surface area of 635 m2 g-1 and the increased number 

of Brønsted and Lewis acid sites, as compared to the other synthesized catalysts (such as MCM zeolite-based catalysts). 

Under very mild esterification conditions (70 °C and 30:1 methanol to oil molar ratio) the pillared H MWW zeolite 
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showed high stability in consecutive cycles and 85.3 % conversion of palmitic acid in 6 h of reaction in the first cycle. For 

a longer reaction time, the total conversion (100 %) was obtained. 

The idea to obtain biodiesel enzymatically turned out to be very demanding [66]. Commercial Lipozyme TL containing 

lipase was immobilized on FM-8 zeolite mordenite-type with Na+ as a major cation and used for methanolysis of WCO 

under very mild reaction conditions, which meant room temperature, alcohol to oil molar ratio of 4:1, lipase content of 

4 %, 24 h of reaction and mixing at 200 rpm. However, under these reaction conditions, the immobilized lipase on zeolite 

did not show any activity. It should be also emphasized that the realized immobilization efficiency was unsatisfactory 

yielding only 56.1 % (95.8 % was obtained for hydrotalcite as support). The very high level of FFA microalgal lipids 

(Chlorella vulgaris, 34 mg KOH g-1 and calculated FFA content of 17 %) were successfully converted to biodiesel using a 

bifunctional phosphotungstic acid-modified zeolite imidazolate framework catalyst [66]. Activity of the bifunctional 

catalyst was achieved at higher temperatures due to the requirement for activation of catalytically active centres for 

esterification and transesterification, so that the conversion of 98.5 % is obtained at 200 °C in 1.5 h of reaction. For 

example, when performing the reaction at the temperature of 80 °C, conversion of only about 10 % was achieved. The 

best activity was obtained with the optimum phosphotungstic acid (HPW) content in the catalyst of 0.25 wt.% achieving 

at the same time impressive textural characteristics, with the BET surface area of 1137 m2 g-1 and external surface area 

of 129 m2 g-1. Considering the very unfavourable quality of the used microalgal lipids and the demonstrated good 

stability and recyclability of the material, this catalyst can be considered very promising to produce biodiesel. 

3. 3. Zeolite-based catalysts originating from natural and waste sources 

Natural zeolites and zeolites derived from waste sources may not have very large specific surface areas and 

hierarchical structures as synthetic zeolites, but they support sustainable chemistry, contribute to waste reduction 

solutions, and exhibit suitable characteristics (Table 7) and catalytic activity (Table 9) due to adequate bonding of 

catalytically active species and the zeolite support. Many studies [68-72] couple natural- or waste-based zeolite catalysts 

and WCO as feedstock guided by the principles of green chemistry. These catalysts can be applied in qualitatively 

unfavourable feed oils achieving respectable biodiesel yields in a one-step process (Table 9). 

To conduct the process of WCO transesterification under mild reaction conditions, a heterogeneous catalyst was 

used based on a zeolite/chitosan/KOH composite [68]. The catalyst was synthesized from natural polysaccharide 

chitosan and natural zeolite clinoptilolite-type with KOH impregnation. FAME was produced at room temperature by an 

electrolysis process using a graphite electrode, at a relatively low methanol to oil molar ratio (7:1), 2 wt.% of deionised 

water, and a co-solvent. It has been shown that in 3 h reaction time, with 10 wt.% acetone as a co-solvent and only 1 

wt.% of the catalyst, a biodiesel yield of 93 % was achieved. WCO methanolysis was investigated by a geothermal solid 

waste-derived Ni/zeolite catalyst [67]. The geothermal solid waste from Indonesia contained mainly SiO2 (75.1 %) and 

trace amounts of Al2O3 and Na2O. Generally, the high content of Si led to low acidity of zeolite and, consequently, the 

basicity of the resulting zeolite is increased. The obtained catalyst had a medium-developed surface area (81.9 m2 g-1) 

with an average pore radius of about 5 nm. The satisfactory activity of the catalyst was obtained under mild reaction 

conditions for 4 h of reaction. The study provided a simple cost analysis of the catalyst production comparing it to 

common commercial catalysts. A comparison of two basic and one acidic homogeneous commercial catalysts indicated 

that nowadays the production cost of Ni/zeolite catalyst is five times higher than that of NaOH, about 50 % higher than 

that of H2SO4, and 2.2 times lower than that of KOH. However, the situation is somewhat more favourable regarding 

the biodiesel yield per mass of the catalyst.  

The Ni/zeolite catalyst is superior to KOH and H2SO4, but NaOH is still more economical. Yet, the presented economic 

analysis was very limited in scope not considering that homogeneous catalysts need a complex separation process and 

cannot be reused like heterogeneous catalysts, which consequently raises costs. Thus, a more comprehensive economic 

analysis should be performed before conclusive statements about the economic efficiency of different catalysts. WCO 

transesterification was performed in a common stirred batch reactor by using a neat zeolite catalyst obtained from 

waste steel furnace slag [72]. The composition of the steel furnace slag comprising mainly silica, calcium and aluminium 

suggested the common procedure for transformation to a zeolite structure: calcination - acid treatment - hydrothermal 

synthesis - autoclave crystallisation - calcination. 
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Table 9. Review of reaction conditions when using zeolitic materials obtained from natural or waste sources as catalysts/catalyst supports 

Catalyst designation Feedstock Reactor type 
Optimal reaction conditions 

Yield (con-
version), % 

Ref. 
T / °C 

CC*, 
wt.% 

t (τ) / 
min 

Alcohol to oil 
molar ratio 

Continuous processes 
Co-Ni-Pt-FAU  
Shere rock originated 

Oleic acid 
ethanolysis 

Fix-bed tubular re-
actor (10×650 mm) 

70 - (180) - 93 [57] 

Batch processes 
Co-Ni-Pt-FAU 
Shere rock originated 

Oleic acid 
ethanolysis 

Batch stirred 
reactor 

70 - 90 6:1 89 [57] 

HY-kaoline 
Fujasite type zeolite from 
kaolin 

Oleic acid 
esterification 
(ethanolysis) 

Batch stirred 
reactor 

70 5 60 6:1 (85) [74] 

Zeolite/chitosan/KOH 
Clinoptilolite zeolite 

WCO methanolysis 
(1 wt.% acetone as 
cosolvent and 2 
wt.% of H2O) 

Electrolysis-assisted 
(40 V, 2 wt.% H2O) 
stirred (400 rpm) 
batch reactor 

- 1 180 7:1 93 [68] 

LTA-kaolin 
Linde type A zeolite from 
kaolin 

Triolein 
methanolysis 

Batch stirred 
reactor (600 rpm) 

62.9 72 146 36.6:1 92.8±4.0 [73] 

Na/zeolite-chitosan 
Clinoptilolite zeolite 

WCO 
methanolysis 

Electrolysis assisted 
(40 V, 2 wt.% H2O + 
10 wt.% acetone) 
stirred batch 
reactor (400 rpm) 

25 1 30 8:1 96.5 [69] 

Na/CAN 
Natural diatomaceous 
earth (Vietnam) cancrinite-
type zeolite 

Soybean oil 
methanolysis 

Batch stirred 
reactor (600 rpm) 

63 20 90 20:1 (98) [77] 

FAU-type zeolite 
Irish shale rock 

Oleic acid 
esterification 
(ethanol) 

Batch stirred 
reactor 

70 5 90 6:1 (78) [76] 

Ni/zeolite 
Geothermal solid waste 

WCO simultane-
ous methanolysis 
and esterification 

Batch stirred 
reactor (400 rpm) 

60 3 240 12:1 89.4 [70] 

Zeolite 
Geothermal solid waste 
(Indonesia) 

WCO 
simultaneous 
methanolysis and 
esterification 

Autoclave  300 5 60 4:1 98.3 [71] 

Zeolite  
Steel furnace slag 

WCO 
methanolysis 

Batch stirred 
reactor (500 rpm) 

62 3 240 12:1 96 [72] 

*Catalyst content 
 

The obtained material had a poorly developed surface area (about 10 m2 g-1), but showed respectable activity, probably 

due to residual Na2O from the synthesis process (washing step until neutral pH was not applied). Perhaps the active Na2O 

loaded in this way can be also the explanation for a gradual decrease in the catalyst activity in 3 repeated cycles, due to 

probable Na2O leaching from the catalyst into the reaction mixture. A similar synthesis route was applied for kaolin clay 

transformation into LTA zeolite, but in this case, there was no need for acid treatment due to the absence of interfering 

metals in the starting clay (e.g., Ca, Fe, etc.) [73]. It should be also added that after the hydrothermal synthesis step, 

thorough washing of the resulting material was carried out. Although the catalyst with the longest investigated ageing time 

of 48 h proved to be the most active, since the conversion yield did not change significantly with prolonging the ageing 

duration over 24 h, this time period was adopted as optimal. Statistical optimisation of reaction parameters by using the 

Box-Behnken design revealed optimal reaction conditions in methanolysis of triolein that were somewhat harsh (catalyst 

loading of 72 wt.%, methanol to oil molar ratio of 37:1, and reaction time of 2.4 h). Kaolin clay was also a starting material 

for the synthesis of zeolite Y, which was used as an HY zeolite catalyst for the esterification of oleic acid [74]. The Si/Al ratio 

in the prepared catalyst was 3.1, unlike zeolite X with the Si/Al ratio lower than 1.5, indicating the formation of a more 

catalytically active and stable form of faujasite (zeolite Y) [75]. Interestingly, the synthesized HY zeolite catalyst from kaolin 

had similar composition and morphological characteristics as a commercial HY zeolite catalyst. In addition, the synthesized 

HY zeolite catalyst showed better performance under very mild esterification conditions than the commercial HY zeolite 

(oleic acid conversion was about 84 and 68 % achieved in 45 min, respectively).  
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FAU-type zeolite was prepared by using Irish shale rock and tested as a catalyst in the esterification of oleic acid [76]. 

The catalyst was prepared in a common manner combining acid leaching, alkaline fusion, and hydrothermal treatment. 

All these steps were experimentally optimized yielding the optimal mixing time of 3 h, ageing time of 18 h, and 

hydrothermal time of 24 h. Under these optimized synthesis conditions, a well-developed specific surface area was obtained 

(571 m2 g-1). The catalytic activity was similar to that of a commercial zeolite Y under the same reaction conditions. In the same 

manner another FAU-type zeolite catalyst was prepared and additionally modified with precious metals (Co, Ni, and Pt) by 

using the incipient wetness method to enhance the catalyst activity under continuous reaction conditions [57]. Under the 

same mild reaction conditions of oleic acid esterification with ethanol in a batch process, the Co-Ni-Pt-FAU zeolite catalyst was 

superior to the H-FAU zeolite catalyst, achieving the maximum obtained conversion of 93 vs. 78 %, respectively. The 

comparison was also made under continuous reaction conditions in a fixed-bed reactor indicating the Co-Ni-Pt-FAU zeolite 

catalyst superior again, achieving the conversion of 89 vs. 75 %, respectively, at the liquid hourly space velocity of 0.5 h-1. 

3. 3. 1. Zeolite-based catalysts originating from coal fly ash 

Investigation of fly ash is becoming attractive in recent years due to the search for eco-friendly procedures for zeolite 

synthesis. Coal fly ash is a product of coal combustion that is composed of fine particles that are driven out of coal-fired 

boilers together with exhaust gases. Therefore, zeolites originated from this source belong to the group of zeolitic 

materials obtained from waste but are described in a separate subsection in the present review paper due to the high 

interest of researchers and engineers in this zeolite type in recent years. Attention to fly ash as a feedstock for zeolites 

synthesis was raised due to its aluminous and siliceous nature. Three key steps are included in the common production 

procedure of zeolite from fly ash via the alkali hydrothermal method [78]. Fly ash is first dissolved to produce Si4+ and 

Al4+ species in the solution followed by condensation of these ionic species to form aluminosilicate gel, which is then 

crystallized in the third step into desired zeolite crystals. Generally, the obtained catalysts showed excellent activity 

under mild reaction conditions (10) and respectable stability (11). They exhibited similar morphological characteristics 

as other waste-based catalysts, due to the similar feedstock composition and synthesis routes, meaning a medium or 

poorly developed specific surface and a mesoporous structure (Table 8).  
 

Table 10. Review of reaction conditions when using zeolitic materials obtained from fly ash as catalysts/catalyst supports 

Catalyst designation Feedstock Reactor type 
Optimal reaction conditions 

Yield (con-
version), % 

Ref. T / 
°C 

CC*, 
wt.% 

t / 
min 

Alcohol to oil 
molar ratio 

Zeolite 
Coal fly ash zeolite, sodalite type 

Soybean oil 
methanolysis 

Batch stirred 
reactor (300 rpm) 

65 4 120 12:1 95.5 [79] 

FA/K-X 
Fujasite zeolite type from South 
African class F fly ash 

Sunflower oil 
methanolysis 

Batch stirred 
reactor (600 rpm) 

65 3 480 6:1 83.5 [86] 

Li/NaY 
Zeolite from Chinese coal fly ash 

Castor oil 
ethanolysis 

Batch stirred 
reactor (400 rpm) 

75 3 160 18:1 98.6 [85] 

CaO/ZMFA 

Lignite coal fly ash (Serbia)  
CaO from eggshell 

Sunflower oil 
methanolysis 

Batch stirred 
reactor (850 rpm) 

60 4 120 12:1 (96.5) [29] 

SC-Na 
Zeolite from Korean coal fly ash 

Soybean oil 
methanolysis 

Batch stirred 
reactor (200 rpm) 

50 2 180 5 cm3 g-1 oil 95 [84] 

Zeollite X 
Indian F-type coal fly ash 

Soybean oil 
methanolysis 

Batch stirred 
reactor 

65 3 480 6:1 81.2 [83] 

AZ-KX zeolite 
X zeolite from fly ash 

Mustard oil 
methanolysis 

Batch stirred 
reactor 

65 5 420 12:1 (84.6) [81] 

Hydroxy sodalite  
South African coal fly ash 

Maggot oil 
methanolysis 

Batch stirred 
reactor 

60 1.5 90 15:1 86 [82] 

CaO/FA-ZM 
Lignite coal fly ash (Serbia) 
CaO from eggshell 

Sunflower oil 
methanolysis 

Batch stirred 
reactor (850 rpm) 

60 6 30 6:1 (97.8) [42] 

Kaliophilite 
Circulating fluidized bed fly ash 
(Inner Mongolia, China) 

Canola oil 
methanolysis  

Batch stirred 
reactor 

85 5 360 15:1 99.2 [87] 

*Catalyst content 
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Table 11. Review of stability/reusability of zeolite-based catalysts 

Catalyst 
designation 

Reactor type Catalyst stability/reusability Ref. 

Mg/clinoptilolite Stirred batch reactor At least 5 cycles [48] 
K-MAP Pressured stirred batch high power 

density (microwave system) reactor 
At least 3 cycles (catalyst was washed with methanol 3x and 
calcined at 450 °C for 2 h) 

[62] 

7 % Mo-NaBeta Stirred autoclave Conversion decreases by 18 % after the first cycle, and after that 
for the next three remains stable. 

[63] 

0.25 HPW/ZIF-67 Autoclave 6 cycles (conversion of 91.3 %) 
After washing with n-hexane and methanol efficiency was 
restored to 94.6 % 

[67] 

35 % CaO/zeolite Microwave reactor After 2nd cycle yield felt to18.3 %. [61] 
HMCM-36 Stirred batch reactor At least 4 cycles (Only washing with methanol and drying at 70 °C) [65] 
AZ-KX zeolite Stirred batch reactor After 3rd cycle yield has significantly dropped (the catalyst was 

washed with methanol and calcined at 300 °C for 2 h) 
[81] 

FA/K-X Stirred batch reactor After 2rd cycle yield dropped ≈ 12 % [86] 
1:1-Li/NaY Stirred batch reactor In 5 cycles yield dropped from 98.6 to 80 % and after calcination 

restored to 91.6 %  
[85] 

SC-Na Stirred batch reactor At least 3 cycles [84] 
2D Na/ITQ-2 Stirred batch reactor At least 4 cycles (yield ˃94 %) [64] 
Ba/CAN Stirred batch reactor Yield drops in 2nd cycle from 98 to 46 %. Regeneration is possible 

with calcination at 500 °C for 6 h. 
[77] 

K/zeolite Stirred batch reactor Yield drops in the 2nd and 3rd cycles from 81.9 to 62.7 % and 52.3 
%, respectively. 

[47] 

K2O/zeolite Stirred batch reactor At least 4 cycles [50] 
Ni/zeolite  Stirred batch reactor Yield drops from 82.7 to 73.3 %, from the first to the third cycle, 

respectively 
[70] 

Zeolite Autoclave  Yield drops from 98.3 to 58.93 %, from the first to the third cycle, 
respectively 

[71] 

CaO/FA-ZM Stirred batch reactor There was almost no decline in catalyst activity in 5 cycles (FAME 
content from 99.2 to 97.9 %) without any pretreatment 

[42] 

 

A neat sodalite form of zeolite was synthesized and used for methanolysis of soybean oil [79]. Fly ash from a Brazilian 

thermal power plant (Rio Grande do Sul state) had a SiO2 content higher than 60 wt.% suitable for zeolite synthesis by a 

common route with 24 h crystallisation, washing until pH of 9, and a somewhat longer ageing period of 6 days. The calculated 

Si/Al ratio was 3, which places the obtained zeolite in the group of medium silica zeolites (Y, Ω, mordenite, etc.) [80]. The 

zeolite proved to be very catalytically active achieving a biodiesel yield of 95.5 % in 2 h under mild reaction conditions. In 

another study [81] several zeolite X and A catalysts were synthesized and compared in the methanolysis of mustard oil. 

The Si/Al ratio was carefully controlled by the addition of adequate amounts of NaAlO2 in order to avoid the 

formation of another, undesirable, zeolitic phase. So, Si/Al ratios lower than 2 and equalling to 2 were achieved to favour 

the formation of zeolite A and zeolite X, respectively. A preference was given to the zeolite X series of catalysts due to 

much higher specific surface areas as compared to zeolite A catalysts (over 160 m2 g-1 vs. about 24 m2 g-1, respectively). 

Among zeolite X catalysts, the acid-treated ion-exchanged (K+) catalyst showed the highest conversion explained by 

the increase in base strength upon ion-exchange. Still, even at optimal synthesis conditions this catalyst showed limited 

performance, especially at the introductory phase of the reaction, which lasted a long time (4-5 h) at a slow reaction 

rate indicating diffusion limitations [81]. This problem was not present to such an extent in the reaction catalysed by 

hydroxy sodalite zeolite [82]. Perhaps the reason for such performance is the obtained 100 % relative crystallinity in the 

catalyst. Both studies were conducted under mild reaction conditions, using used mustard oil and maggot oil with a 

similar acid value, respectively. The maximal obtained biodiesel yields were similar, but in the second case, it was 

reached much faster i.e., in 1.5 h needed to reach the reaction equilibrium, which was about 4.6-fold faster than in the 

first study. A hydroxy sodalite zeolite catalyst was obtained from coal fly ash collected from a power plant in South 

Africa by using the common synthesis procedure with a relatively longer hydrothermal process time of 72 h [83]. A 

similar maximum biodiesel yield, as in the previous two studies, was obtained (about 80 %) by using neat hydroxy 

sodalite zeolite [83]. It is interesting that under very mild conditions of hydrothermal crystallization (90 °C and 8 h), 

zeolite X with a highly developed specific surface area of 727.2 m2 g-1 was obtained [83]. 
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A series of zeolite-like materials were obtained by acidification and subsequent alkali and alkaline earth metal 

hydroxides activation of coal fly ash from Korea [84]. In general, using such a synthesis route from coal fly ash, materials 

with a zeolite structure can be obtained, especially for example the form of a cancrinite-sodalite group of zeolite-like 

material (vishnevite type) [29, 42]. The study showed that the activity of the obtained catalysts decreased in the 

following order: Na activated ˃ Ca activated ˃ K activated ˃˃˃ neat acid-treated fly ash, whereas the last one showed 

negligible activity. These results were probably obtained according to the order of theoretical basicity of the synthesized 

catalysts, since they all had approximately equal amounts of deposited metal oxides (about 60 wt.%). Interestingly, 

transesterification at the reaction temperature of 50 °C proved to be as good as at the commonly applied temperature 

of 60 °C. However, at the higher temperature, the reaction rate was slightly faster in the introductory stage, so 

eventually the reaction equilibrium was reached for both temperatures in the third hour. Also, the reactor stirring rate 

was found to be best at 200 rpm in the investigated range of 50-600 rpm. This is certainly related to the diffusion 

limitations and the surface morphology of the catalyst, which was not investigated so this phenomenon cannot be 

explained with certainty. Loading of lithium by co-precipitation on hydrothermal and microemulsion-assisted 

synthesized NaY zeolites was also investigated [85]. The best catalyst (NaY zeolite/Li2CO3 molar ratio = 1/1 and 

calcination temperature of 750 °C) achieved remarkable activity and stability. The yield of 98.6 % of fatty acid ethyl 

esters (FAEEs) was achieved under mild reaction conditions in 2 h of reaction. Moreover, the catalyst was proved to be 

very air tolerant, which is one of the main disadvantages of heterogeneous base catalysts, as well as to be recyclable. 

The activity of three similar catalysts loaded with Li was compared and a decline in activity was found regarding the 

support in the following order: NaY zeolite, Al2O3, and SiO2. All three catalysts had a very high basic strength of 

15˂H_˂18.4, but the obtained differences in activity lay in differences in BET surface area and basicity, which were 

consistent with the activity shown. It was found out that the best catalyst was not the one with the highest Li load, nor 

the one calcined at the highest temperature. The neat NaY zeolite had a highly developed specific surface area (429 m2 

g-1) that, as expected, decreased with the loading of Li. Interestingly, the 3:1 Li/NaY catalyst had a specific surface area 

of only 1.6 m2 g-1. The same pattern of the specific surface area decreases from 193 m2 g-1 to 18 m2 g-1, following the 

increase in the calcination temperature from 550 °C to 950 °C. The catalyst with the highest Li load had the highest total 

basicity, as expected, but the catalyst with a more suitable surface morphology was more active although it contained 

a lower amount of Li. It is necessary to mention that the difference in basicity was not large and that is why the 

morphology came to the fore. 

A faujasite zeolite material synthesized from a South African class F fly ash was ion-exchanged with K to obtain a 

potent catalyst for sunflower oil methanolysis [86]. The catalyst was prepared according to the conventional 

hydrothermal synthesis procedure and the alkali metal (K+) ion exchange. The obtained material had a finely developed 

surface area of 257 m2 g-1 (starting fly ash had only 2 m2 g-1) and a considerably high basic strength of 15˂H_˂18.4. 

However, under mild reaction conditions, the catalyst did not show exceptional activity, as in 8 h of reaction the 

biodiesel yield was 83.5 %. Additionally, even after 24 h, the yield was not much higher. The reason for the average 

performance of the catalyst might be the unavailability of some of the catalytically active centres dispersed in, probably 

dominant, small-diameter pores for large organic molecules in the reaction mixture.  

A lignite coal fly ash-based zeolite was used as a support for loading chicken eggshell calcium oxide using two 

synthesis routes in order to obtain sustainable and green catalysts [29,42]. The first route involved a hydration-

dehydration method as the last step of the synthesis [42], while the second route used ultrasonic dispersion in an 

alcoholic suspension [29]. Naturally, both synthesis procedures had calcination as a final catalyst activation step. The 

cancrinite-sodalite zeolite-like material (vishnevite type) was synthesized by the common procedure: calcination - 

acidification - alkali activation - hydrothermal crystallization. The fly ash obtained from a Serbian thermal power station 

was converted into a zeolite-like material using, for the first time, a rotating miniature autoclave reactor system [29]. 

The reactor allowed adequate agitation by rotating the whole reaction mixture, instead of contact mixing by a stirrer. 

In this way, significant savings in time and energy were achieved along with obtaining a more homogeneous product. 

For instance, in the autoclave system set-up, the hydrothermal crystallization step lasted only 4 h. The best catalysts 

prepared by using both routes had similarly developed specific surface areas of about 20 m2 g-1 and relatively high 
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basicity. The 50 % CaO/zeolite catalyst showed remarkable activity under mild reaction conditions (e.g., methanol to oil 

molar ratio of 6:1 proved to be most adequate) and in only 0.5 h the equilibrium FAME content was 97.8 %. It was shown 

once again, as in the study by Li et al. [85], that only one parameter of the catalyst does not decisively determine its 

activity, but the synergy of several key parameters. The 20 % CaO/zeolite catalyst was more active than the neat 

eggshell-based CaO despite its almost 4.5-fold higher basicity. Adequate surface texture and morphology combined with 

finely dispersed base centres were key features for determining the catalytic activity. The specific surface area of neat 

the CaO was 15-fold lower, while its porosity was 55 %, which is significantly lower than 86.5 % determined for the 

CaO/zeolite catalyst. The spent catalyst had signs of deposition of organic molecules from the reaction mixture, although 

it was proven not to be significant, as confirmed by the maintenance of high activity in 5 consecutive cycles, without 

any catalyst pretreatment.  

A circulating fluidized bed fly ash from a laboratory was used to synthesize kaliophilite catalyst via a facile and low-

energy two-step process: fabrication of an amorphous fly ash geopolymer and hydrothermal transformation of the 

geopolymer into kaliophilite [87]. The kaliophilite catalyst exhibited a poorly developed surface area (3.5 m2 g-1), but 

the average pore diameter of 20.9 nm and the majority of mesoporous pores promoted the catalytic activity for the 

reaction involving relatively large organic molecules so that a high biodiesel yield and short reaction induction period 

were achieved confirming these favourable morphological characteristics. 

4. REACTION MECHANISMS OF TRANSESTERIFICATION CATALYZED BY ZEOLITE CATALYSTS 

Common production of biodiesel implies transesterification of TGs from vegetable oils, oily waste, or animal fats 

with alcohol in presence of a catalyst to produce fatty acid alkyl esters (FAAEs) and glycerol. The reaction is three-staged, 

but the overall reaction can be represented by Figure 3. Before obtaining three FAAE molecules, the intermediates 

diacylglycerol and monoacylglycerol are formed and then broken up in successive reactions. 

 
Figure 3. General scheme of transesterification reaction 

 

Heterogeneous catalytic production of biodiesel follows similar principles to those of homogeneous catalysis. In the 

base-catalysed reaction, the first and main step is to create nucleophilic alkoxides from the present alcohol that attack the 

electrophilic part of the carbonyl group in TGs, whilst in the acid-catalysed process the carbonyl group in TAGs is protonated 

and then the present alcohol attacks the protonated carbon to produce a tetrahedral intermediate species [3]. 

Detailed mechanisms of reactions catalysed by zeolite catalysts have been proposed by several authors 

[3,63,67,79,88]. Different structural, physical and chemical properties of zeolite catalysts, whether with basic, acid, or 

bifunctional acid-base active sites, caused somewhat different explanations of the mechanisms.  

Figure 4 presents a mechanism proposed for rice bran oil transesterification using a NaBeta zeolite supported-Mo 

catalyst [63]. First, triglyceride molecules are adsorbed onto the catalyst surface, and intermediate (step 1) species are 

obtained from the unpaired electron from the oxygen atom of C=O in triglyceride, bond with molybdenum oxide species. 

Further, carbocation (step 2) is produced due to the transfer of the electron pair from the oxygen atom to the carbon 

atom within the C=O bond. Next, a nucleophilic reaction takes place where methanol and the intermediate from step 2 
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form new intermediate species (step 3) in which a new intermediate compound (step 4) is obtained by H+ transfer. 

Breaking the C-O bond in C-OH-CH2 leads to the separation of a diglyceride (DG) molecule. Additionally, C=O group was 

produced when an electron pair of oxygen atom was transferred into C-O single bond of Mo-C-O whereby a new 

intermediate compound (step 5) is formed. Finally, heterolysis of the electron pair in the Mo-O bond promotes the 

formation of a FAME molecule and regeneration of the catalyst, thus finishing one reaction cycle. 

 
Figure 4. Proposed mechanism of transesterification catalyzed by a Mo/zeolite catalyst [63] 

 

Si-O-Na groups in the structure of a sodalite zeolite catalyst act as active sites for the transesterification reaction 

[79]. The proposed mechanism (Figure 5) for this zeolite catalyst action follows a similar pathway as for homogeneous 

base catalysts [3]. In the first step, methanol is adsorbed onto the surface and catalytic active species (methoxide anion) 

are produced. The second step is the nucleophilic attack of methoxide anion on the carbonyl carbon of triglyceride and 

the formation of tetrahedral intermediate species. The third stage is unstable intermediate rearrangement forming a 

FAME molecule. Finally, deprotonation of the catalyst is happening, thus regenerating the catalytically active species. 

This cycle was repeated two more times to yield glycerol and three molecules of biodiesel. 
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DG  
Figure 5. Transesterification reaction mechanism using sodalite zeolite catalyst [79] 

 

Figure 6 presented pathways for the acid-base catalysed biodiesel production using a zeolite-based catalyst. The 

presence of acid and base catalytic sites allows the catalyst to perform simultaneous esterification and 

transesterification reactions [88]. In acid-catalysed pathways carbocation is initially formed by adsorption of the 

carbonyl group of FFA on the acid site on the catalyst surface. In the step 2, a nucleophilic attack by methanol on the 

carbocation leads to the formation of tetrahedral intermediate species. Breaking the O-H bond and desorption of the 

hydroxyl group from the catalyst surface in the final 3rd step, produces a FAME molecule. The base-catalysed pathways 

start with the formation of a methoxide anion as a result of methanol adsorption onto the basic catalyst sites. The 

resulting methoxide anion as a highly reactive nucleophilic species, attacks the carbonyl carbon in triglycerides to form 

another tetrahedral intermediate species. The third step involves desorption of alkyl triglycerides from the catalyst 

surface, i.e., formation of a FAME molecule, after breaking the C-O bond. 
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Figure 6. Proposed mechanism of bifunctional acid-base transesterification [88] 

 

Cheng et al. [67] suggested a reaction mechanism where a bifunctional HPW/ZIF-65 zeolite-based catalyst exhibited 

three kinds of catalytically active sites: Brønsted acid sites, and Lewis acid and base sites. Protons of -NH and HPW 

represented Brønsted acid sites, coordinatively unsaturated cobalt cations represented Lewis acid sites, while N- 

extremities of imidazole ligands acted as Lewis base sites. As presented in Figure 7, the carbonyl oxygen of the fatty acid 

is adsorbed on the Lewis acid site (L+) to form a carbocation as the hypothesis is that these sites mainly catalyse FFAs 

esterification. Then alcohol starts the nucleophilic attack to the carbocation to produce a tetrahedral intermediate, 

which is unstable and decomposes to FAME, water molecule, and L+. The transesterification reaction is catalysed on 

Lewis base sites (L-). It starts with the contact of adsorbed alcohol on active sites (N- extremities of imidazolate ligands) 

and TG to form an oxygen anion. A tetrahedral intermediate is, then, produced in the nucleophilic attack of oxygen 

anion to TG. The unstable tetrahedral intermediate is in the second step decomposed to FAME and DG. This process is 

repeated to DG and monoglycerides (MG) to finally form three molecules of FAME. The Brønsted acid sites can act 

bifunctionally, as they can catalyse FFA esterification and TG transesterification simultaneously. A carbocation is formed 

in the reaction of the proton from -NH and protonated HPW and the carbonyl group of TG. Then, the nucleophilic attack 

of alcohol to the carbocation forms a tetrahedral intermediate, which is decomposed to another proton and products. 
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Figure 7. Proposed mechanism of bifunctional zeolite-based catalysis through Lewis acid and base sites and Brønsted base sites [67] 

5. STABILITY OF ZEOLITE-BASED CATALYSTS 

Most studies of zeolite-based catalysed biodiesel production were performed under batch reaction conditions, so 

that the catalyst stability can be investigated by determining the catalyst activity in repeated consecutive reaction cycles. 

The spent catalysts were used in consecutive cycles either without any treatment, subjected to some regeneration 

procedure, or simply washed in some solvent. Catalyst regeneration was performed in some studies by recalcination 

[62,81,77,85], while polar (such as methanol) [65,67,81] or non-polar (such as n-hexane) [67] solvents were used for 

rinsing. A great diversity of zeolite structures in the studied catalysts, as well as different catalytically active species, led 

to a colourful picture regarding the stability of catalysts. Some materials managed to maintain high activity in six 

consecutive cycles, while others had a significant decrease in activity already in the second cycle. Furthermore, 

maintaining high activity in six repeated cycles is the best-achieved performance reported [67] among the reviewed 



D. M. MARINKOVIĆ and S. M. PAVLOVIĆ: CATALYTIC MATERIALS FOR BIODIESEL PRODUCTION Hem. Ind. 77(1) 5-38 (2023) 

 31 

literature, but this result should be taken with caution as in many studies the maximum stability of the catalyst was not 

determined, despite the good performance of the material in several cycles [48,50,62,64,65,84].  

The stability issue of heterogeneous catalysts exposed to air is one of the most important characteristics for 

evaluating the catalyst quality. A Li/NaY zeolite catalyst was proved to be very tolerant to air exposure, as after 10 days 

of exposure the FAEE yield dropped from the initial 98.6 to 92.6 % [85]. In a study of the effects of washing solvents [48] 

between cycles, methanol showed slightly better results than distilled water as in 5 consecutive cycles the biodiesel 

yield decreased from 98.7 to 92 % and 94.5 % when using water and methanol for rinsing, respectively. A green catalyst 

of a lignite fly ash-produced zeolite supporting CaO (from chicken eggshells) showed great reusability in five investigated 

consecutive cycles without any pretreatment achieving a minor decline in activity (the FAME content decreased from 

99.2 to 97.9 %) [42]. It is interesting, that such high activity is preserved despite the rather high leaching of Ca into the 

FAME phase (range of 1170 mg kg-1 to 630 mg kg-1). It should be noted that CaO impregnation on the zeolite support 

stabilized the catalyst since, under the same reaction conditions, Ca leaching from the neat CaO catalyst was 4-fold 

higher. In this study as well, the deposition of organic molecules from the reaction mixture on the catalyst surface was 

observed, but in this case, intriguingly, it seems rather not affecting the catalyst activity. In this case also attention 

should be paid to the purification of the obtained biodiesel to meet the strict standards (Ca + Mg ˂5 ppm [89]). A pillared 

acid HMCM-36 zeolite catalyst proved to be very stable, in four repeated cycles only washed with methanol without a 

significant decline in activity [65]. A K-form of zeolite MAP was highly active in three repeated cycles (yields from 96 to 

94 %) along with a turnover frequency of 202 h-1, with methanol washing and recalcination after each cycle. With the 

same reactivation procedure, a K/fly ash-originated zeolite X catalyst was also highly active in three cycles, after which 

the activity significantly dropped. Recalcination was used as a method for reactivation of the spent K2O/zeolite catalyst 

before each run successfully performing in four consecutive cycles, after which the activity dropped [50]. This finding is 

explained by morphology changes in the material, such as crystal agglomeration, and a consequent decrease in the 

catalytic surface area, during the consecutive heating process. The excellent recyclability is displayed by a two-

dimensional Na/ITW-2 zeolite catalyst with hardly any changes in activity after four consecutive cycles (the catalyst was 

washed with ethanol and ethyl acetate) [64]. 

Without any pretreatment the activity of a Li/NaY zeolite catalyst gradually declined from 98.6 % (FAEE yield) to 

about 80 %, but after recalcination, the catalyst regained its activity to the FAEE yield of 91.6 % achieved in the sixth 

cycle [85]. The XRD analysis showed that the reduction of the active component (Li4SiO4 and Li3NaSiO4) in favour of 

Li2SiO3 was responsible for the activity drop, recovering it by the reverse reaction during recalcination. 

A bifunctional phosphotungstic acid-modified zeolite imidazolate framework (ZIF-67) catalyst has shown excellent 

stability in microalgal lipids esterification and transesterification [67]. The activity dropped by 7.2 % in six repeated 

cycles (still the conversion was up to 91.3 %) without any pretreatment. The reason for this slight decline in activity was 

found in the deposition of unrefined microalgal lipids into the pores of the material and the breaking of a small amount 

of W-O-N bonds resulting in the loss of active HPW. It is significant that after six cycles the activity was completely 

recovered only by washing with methanol and n-hexane [67]. 

Significantly lower stability was found in the use of a 35 % CaO/zeolite catalyst, which activity decreased from cycle 

to cycle, to be negligible in the fourth cycle [61]. In this study, a commercial ZSM-5 zeolite was used as a support, while 

CaO was loaded by impregnation from an aqueous solution using calcium acetate. Similar CaO/zeolite catalysts were 

prepared in some other studies [29,42] by hydration-dehydration and ultrasound-assistant alcohol impregnation of CaO 

on fly ash-based zeolite carrier. The difference in precursors and the synthesis methods probably affected the lower 

stability and recyclability of the former catalyst [61], especially considering a report that calcium acetate was not shown 

to be the best precursor for achieving stability of CaO-based catalysts [90]. A high drop in conversion efficiency of 

soybean oil to biodiesel from 98 % to about 46 % was reported in the second cycle in 1.5 h of reaction catalyzed by a 

diatomaceous earth cancrinite-type zeolite catalyst [77]. This result is rather surprising considering the presented x-ray 

diffraction, infrared spectrometry, and electronic microscopy analyses, showing imperceptible differences between the 

fresh and spent catalyst, except occasional smaller agglomerates evolved on the surface of the spent material. Similarly, 

a gradual decline in the biodiesel yield from cycle to cycle was reported in a study attempting simple regeneration of a 
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K/natural zeolite catalyst by washing in n-hexane [47]. The reduction in catalyst activity was explained by the leaching 

of active species into the reaction medium. The same explanation for the catalyst activity decline was provided in the 

case of a waste-based zeolite carrier impregnated with Ni [70] and a neat zeolite catalyst obtained from geothermal 

solid waste [71]. Interesting behaviour was shown by a NaBeta zeolite-supported molybdenum catalyst [63], which 

showed a relatively good activity in the first cycle, followed by a decline in activity of 18 % in the second cycle and 

remaining at a constant level in the other three consecutive cycles. This behaviour is explained by the deposition and 

binding of organic molecules from the reaction mixture to the surface of the catalyst in the first cycle, which did not 

continue in the subsequent cycles. 

In general, it can be concluded that the stability of zeolite-based catalysts has not been comprehensively 

investigated, changes in the materials occurring during the course of the reaction have not been analytically assessed 

and discussed in sufficient detail, as well as insufficient attention has been paid to optimization of the catalyst 

regeneration and exploring the maximal reusability of the catalysts. In particular, it is necessary to conduct research on 

the stability of these catalysts under industrially more favourable continuous process conditions. 

6. QUALITY OF THE OBTAINED BIODIESEL  

The use of zeolite-based catalysts produced biodiesel of high quality [48,63] according to the standards (ASTM D-

6751 [91] and EN 14214[89]), contrary to some other prominent heterogeneous catalytic materials, such as CaO-based 

catalysts, in which case the obtained biodiesel has problems meeting the standard due to Ca leaching [3]. For example, 

methanolysis of high-density (0.959 kg dm-3 [92]) castor oil catalysed by a KOH/natural zeolite resulted in biodiesel with 

a density that exceeds the standard value [46]. Biodiesel produced from WCO by catalysis with a Na-modified 

clinoptilolite showed a high cetane number of 64.5 and was in accordance with the limiting (Na + K) concentration of 

2.4 mg kg-1[48]. Biodiesel with a lower cetane number (57.2) was obtained from castor oil catalysed by a Li/NaY catalyst 

[85]. Additionally, biodiesel density and viscosity were higher than the values prescribed by the standards due to the 

higher content of long hydrocarbon chains originating from the demanding feed oil. Other WCO-originated biodiesel 

obtained over a Ni/zeolite catalyst in a batch reactor [70] as well as over a KOH/clinoptilolite catalyst in a microreactor 

[45] met the European quality standard for density and kinematic viscosity. Waste lard-originated biodiesel, on the 

other side, exhibited a desirable FAME profile of 38.3 % saturated and 61.7 % unsaturated fatty acids [61]. Biodiesel 

obtained from microalgal oil showed a mixed methyl ester profile, where that obtained from the Nannochloropsis 

oculata oil contained a slightly higher amount of unsaturated fatty acids, in contrary to that obtained from the Chlorela 

vulgaris oil [53]. Amount of saturated methyl esters is a significant aspect of biodiesel since it determines its oxidative 

stability, while higher contents of unsaturated methyl esters make biodiesel suitable for usage in countries in colder 

regions, therefore, reducing the need for additives [53]. Canola oil-originated biodiesel blends (B10 and B20) satisfied 

the ASTM standard, moreover, the cetane numbers were high (64.3 and 67.2 for B10 and B20 blends, respectively) [87]. 

7. FUTURE PERSPECTIVES 

Humankind has a real need to reduce GHG emissions into the Earth's atmosphere. Use of carbon-neutral biofuels is 

still imposed as one of the most immediate and effective approaches to the issue. Several readily available technologies 

are being developed to produce advanced biofuels. The commercial success of some of these fuels will depend on 

several issues, such as the production process complexity and consequently economy, availability and quality of the 

feedstock, and quality of the obtained fuel. Catalysis provides a versatile tool to resolve some of these issues by 

controlling the process reactions. For example, catalysts can simplify processes, reduce reaction time, and/or improve 

the resulting fuel quality. 

Many studies on zeolite-based catalysts in recent years prove the high potential of these materials for efficient 

catalysis of biodiesel production reactions in the future. Zeolite-based catalysts show high catalytic activity, whether 

they possess basic, acid, or bifunctional acid-base active sites. This diversity enables these catalysts to successfully tackle 

oily feedstocks that have unfavourable characteristics for use in reactions with common heterogeneous, as well as 

homogeneous, catalysts. This is especially important from the point of view that most raw waste or inedible oils contain 
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large amounts of FFAs and moisture, which cause problems, particularly for base catalysts. Zeolite-based catalysts 

provide an additional benefit in the possibility to be obtained from waste raw materials, such as fly ash, a by-product of 

coal burning in thermal power plants, industrial slags, etc. This promotes the sustainability of biodiesel production since 

waste materials can be used both as oily feedstock in the reaction and as raw material to produce catalysts. Taking all 

this into account, catalysts based on zeolites, therefore, belong to the group of the most preferred heterogeneous 

catalysts for the transesterification or esterification reaction of TGs. 

There are multiple synthesis methods with relatively simple control of the synthesis parameters providing zeolite-

based catalysts with desirable characteristics required for such a reaction involving relatively large organic molecules. 

Regarding morphological and textural characteristics, these materials show high porosity and regularity of pores without 

pronounced bottlenecks, and exhibit large specific surface area and external surface area, with most of the pores 

belonging to the mesoporous region. Regarding the physical and chemical characteristics, they have a high 

concentration of basic and/or acidic active centres that are finely dispersed. These catalysts show significant stability in 

repeated reaction cycles as well as at high temperatures and elevated pressures. 

Still, from the reviewed literature, It seems that good stability and retention of high long-term activity of zeolite-

based catalysts demonstrated in batch processes have not been sufficiently investigated in continuous processes, where 

these positive properties of the material would be particularly important. Current research lacks implementation studies 

focusing on the intensification of the reactor operation with the use of these catalysts. Research investigating forced 

periodic reactor operation by periodic modulation of one or more inputs (e.g. reactants concentration, temperature, or 

flow rate) around a steady state operation shows promising state-of-the-art intensification approach [93,94], as well as 

the use of reactors in which mass transfer is intensified (microreactors, oscillatory baffled reactors, static mixers, etc.), 

are necessary to exploit the full potential of these catalytic materials. 

Still, the main challenges for using zeolite-based catalysts will be the process scale-up, conducting large facility 

experiments, fine-tuning the materials for commercial applications and finding the synthesis routes that are more eco-

friendly and less energy-demanding. Based on the presented encouraging results, it should be expected that more 

emphasis will be given to these topics in the future. Despite existing issues that remain to be solved, the huge variety 

of different zeolite-based catalysts, the possibility of obtaining them from waste, and the number of studies that dealt 

with this subject, confirm the promising potential of these materials as heterogeneous catalysts for biodiesel production 

in a sustainable manner at the industrial level. In this regard, important developments in the preparation of zeolites 

with increased acid/base active centres, porosity and external surface accessibility summarized in the present 

manuscript may pave the way for wider and more efficient use of crystalline-porous waste-based materials in biomass 

conversion processes. 
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Najnovija saznanja o upotrebi prirodnih zeolita i zeolitnih katalizatora 
baziranih na otpadu za proizvodnju biodizela 

Dalibor M. Marinković i Stefan M. Pavlović 

Univerzitet u Beogradu, Institut za hemiju, tehnologiju i metalurgiju, Institut od nacionalnog značaja za Republiku Srbiju, Beograd, 
Srbija 
 

(Pregledni rad) 
Izvod 

Imajući u vidu trenutnu svetsku krizu kao i buduće energetske izazove, transformacija biomase u goriva 
ponovo dobija veliku pažnju zakonodavaca i industrije. Znajući ovo, valorizacija ulja i masnoća putem 
reakcija transesterifikacije/esterifikacije postaje atraktivan metod za proizvodnju kvalitetnog biodizela 
pogodnog za postojeće dizel motore. Veliko interesovanje naučnika ukazuje na značajan pomak ka 
valorizaciji industrijskog otpada kao još jednom pristupu za razvoj ekološki efikasnih procesa. U tom 
smislu, ovaj rad predstavlja pregled upotrebe zeolitnih katalizatora za dobijanje biogoriva, sa posebnim 
akcentom na upotrebu otpadnih sirovina u skladu sa principima zelene hemije i održivog razvoja. Zeolitni 
materijali su veoma pogodni zbog svojih izvanrednih katalitičkih svojstava, uključujući intrinsičke kisele 
centre, jednostavno nanošenje baznih centara, strukturnu selektivnost i veliku termičku stabilnost. Čisti 
zeoliti, ili modifikovani nanošenjem aktivnih centara, klasifikovani su u nekoliko grupa u ovom radu u 
skladu sa njihovim poreklom. Za svaku od različitih grupa zeolita, najrelevantniji skorašnji literaturni 
rezultati predstavljeni su zajedno sa kritičkim razmatranjem efikasnosti katalizatora, stabilnosti, 
mogućnosti ponovne upotrebe i ekonomičnosti njihove sinteze. Kao važan deo neophodan za 
razumevanje i optimizaciju procesa, detaljno su razmotreni mehanizmi reakcije. Na kraju, pažljivo su 
identifikovani i obrazloženi ključni perspektivni pravci za dalja istraživanja.

Ključne reči: zeoliti; otpadne sirovine; 
industrijski otpad; leteći pepeo; hete-
rogeni katalizatori, transesterifikacija 
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Abstract 

Possibilities of using waste plum stones in biodiesel production were investigated. The plum 
kernels were used as a source to obtain oil by the Soxhlet extraction method, while the whole 
plum stones, the plum stone shells that remained after the crashing, and the plum kernel 
cake that remained after the oil extraction, were burned off to obtain ashes. The collected 
ashes were characterized by elemental composition, porosity, and base strength and tested 
for catalytic activity in transesterification of esterified plum kernel oil. Dominant elements 
were potassium, calcium, and magnesium at different contents in the three obtained ashes. 
The most active catalyst was the plum stone shell ash, so the effect of temperature (40, 50, 
and 60 °C) on the reaction rate was investigated. The reaction rate constant increased with 
the reaction temperature with the activation energy value of 58.8 kJ mol-1. In addition, the 
plum stone shell ash can be reused as a catalyst after recalcination. 

Keywords: ash; catalysis; kinetics; methanolysis; transesterification.
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1. INTRODUCTION  

Different waste oily feedstocks, such as used cooking and non-edible oils, have been successfully utilized as suitable 

raw materials for producing biodiesel [1]. Conversion of these oils into biodiesel is achieved by transesterification with 

appropriate alcohol (methanol or ethanol) and a suitable homogeneous or heterogeneous acid or base catalyst. Waste 

biomass ashes occupy a significant place among solid catalytical materials, suitable in terms of environmental 

parameters, good activity, selectivity, and stability [2]. For example, shells of hazelnuts [3,4] and walnuts [5], produced 

as waste from the fruit processing industry, were combusted and calcined to ash and then successfully applied as solid 

base catalysts for sunflower oil methanolysis. In addition, other waste materials, such as salacca and bamboo leave 

ashes, were used to immobilize ZnO [6] and ZrO2 [7], respectively, to obtain efficient catalysts for biodiesel production. 

To consider low-cost solid materials as efficient heterogeneous catalysts, they need to have the following 

characteristics: high catalytic activity, chemical stability, possibility for easy separation, maintained activity, and 

reusability [8]. Therefore, the catalytic performance of different biomass ash-based catalysts has recently been tested 

for biodiesel production under various reaction conditions (Table 1).  

Similarly, oils extracted from waste kernels and seeds of different fruits remaining after fruit processing might be 

alternative, cheap sources for biodiesel production. The oils obtained from kernels or seeds of apricot [9], melon [10], 

almond [11], pumpkin [12], and mandarin orange [13] were used for biodiesel production by base-catalyzed or two-

step acid/base-catalyzed processes.  

Plum kernels, as a waste product of food processing, can be a source of inexpensive oil suitable for biodiesel 

production. The total production of plums in the world in 2020 was over 12 million tons, where China is the largest 
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producer, with over 6 million tons per year, while Serbia produces over half a million tons per year [14]. The oil content 

in plum kernels is 32-46 wt.% [15], and biodiesel quality depends on its fatty acid profile.   
 
Table 1. Biomass ash-based catalysts for biodiesel production 

Type of 
catalyst 

Catalyst characteristics Oil/Alcohol 
Reaction conditions Content/ Yield / 

Conversion, % 
Reuse Ref. 

MRa Cb / wt.% tc / C d / h 

Acai seed 
ash / 

calcined 

Content, % (EDS): 
K - 12.7, Mg - 2.7, Ca - 1.4, 
Si - 3.7, P - 3.6, S - 2.0, O - 
31.3 
Identified crystal phase 
(XRD): K2O, SiO2, CaO, 
K2CO3, K2SO4, CaCO3, 
Ca3(PO4)2, MgO, CaSiO3 

Soybean oil / 
Methanol 

18:1 12 100  1  98.5 ± 0.21/-/- 

1st, 2nd run 
(92.5%) 

3rd, 4th, 5th, 6th 
run (>80.0%) 

[26]  

Palm bunch 
ash / not 
calcined 

Content, % (XRF): 
 K - 81.1, Si - 7.28,  
Mo - 3.3, Fe - 2.69,  
Rb - 2.02, P -1.6 
Identified crystal phase 
(XRD): K2O, CaO, MgO 

Palm oil / 
Methanol 

15:1 18 Room  0.5 98.9/-/- 
1st run (97.4%) 
2nd run (70.2%) 

[27]  

Banana peel 
ash / not 
calcined 

Content, % (XRF): 
K2O - 65.11, SiO2 - 0.864,  
CaO - 7.787, P2O5 - 6.068, 
SO3 - 2.857, Cl - 2.07  
Content, % (EDS):  
K - 70.06, Ca - 9.54,  
P -7.55, Si -4.56, Cl -3.23, 
Mg - 1.78, Fe - 1.49,  
O - 1.03, S - 0.75 
Surface area: 1.4546 m2 g−1 

Soybean oil / 
Methanol 

6:1 0.7  Room 4  -/-/98.95 

1st run (98.95%)  
2nd run (81.33%) 
3rd run (67.74%) 
4th run (52.16%) 

[28]  

Coconut 
husk ash / 

not calcined 

Identified crystal phase 
(XRD): K2O 

Cerbera 
manghas oil 

6:1  10 60 3 88.6/-/- 
1st, 2nd, 3rd, 4th 

run (88%) 
[29]  

Pineapple 
leaves ash / 

calcined 

Identified elements (XRF):  
K, Ca 
Identified crystal phase 
(XRD): MgO, Mg2P2O7, 
Na2Ca4(PO4)2SiO4, Al(SO4)3, 
Mn0.97Mg0.03SiO3, K2SO4 

Soybean oil / 
Methanol 

40:1 4 60  0.5 -/-/98 

1st run (98.92%)  
2nd run (97.6%)  
3rd run (94.3%) 
4th run (> 85%) 

[30]  

Biomass fly 
ash / not 
calcined 

Identified elements (EDX): 
Ca, Mg, Si, Al, O, K, S, Na, 
Cl, P 
Content, % (XRD):  
CaCO3 - 71.0, Ca(OH)2 -
12.9, KCl - 7.1, CaO - 3.8, 
SiO2 - 2.3, other - 3.0 
Surface area: 9.028 m2 g−1 

Blends of 
waste 

cooking oil 
and refined 

palm oil 
/Methanol 

6.7 :1 13.57 55 2 -/73.8/- 

 
1st run (73.5%) 
2nd run (76.2%) 
 3rd run (83.6%) 

[31]  

Walnut shell 
ash / 

calcined 

Content, wt.% (EDX): 
K -23.55, Ca -17.67  
Identified crystal phase 
(XRD): CaO, MgO 
(periclase), SiO2  
(b-cristobalite), K2O, 
Ca2SiO4, KAlO2, Ca(OH)2 
Surface area: 8.8 m2 g−1 
Base strength:  
11 < H_ < 15 
Total basicity:  
0.352 mmol g-1 

Sunflower 
oil / 

Methanol 
12:1 5 60 0.167  98/-/- 

1st, 2nd, 3rd, 4th 
run (>96%)  

[5]  
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Type of 
catalyst 

Catalyst characteristics Oil/Alcohol 
Reaction conditions Content/ Yield / 

Conversion, % 
Reuse Ref. 

MRa Cb / wt.% tc / C d / h 

Hazelnut 
shell ash / 
calcined 

Content, wt.% (EDX): 
K - 26.29, Ca - 11.62,  
Mg - 6.77, P - 6.10  
Identified crystal phase 
(XRD): KAlO2, K4P2O7, 
K3FeO2, 
Ca2SiO4, MgO (periclase), 
SiO2 (quartz), CaO and K2O 
Surface area: 4.9 m2 g−1 
Base strength:  
11 < H_ < 15  
Total basicity: 1.03 mmol g-1 

Used cook-
ing sunflo-
wer oil / 

Methanol 

12:1  5 60 0.167 98/-/- 
1st, 2nd, 3rd run 

(>96%)  
[3]  

Waste 
fermented-

unfer-
mented kola 

nut pod / 
calcined 

Identified elements (EDX): 
Ca, K, Mg  
SFCKNP  
Base strength: 175 μmol g-1 

UCKNP 
Surface area: 0.8 m2 g−1 
Base strength:  
140 μmol g-1 

Shea butter 
oil / 

Methanol 
5:1* 2.5 50  0.92 95.30/-/- 

1st, 2nd, 3rd run 
(>95%) 

4th run (>90%) 
5th run (>85%) 

[32] 

aMR – methanol-to-oil molar ratio; bC – catalyst loading; ct – reaction temperature; d – reaction time; *methanol-to-oil volume ratio; UCKNP - 
unfermented calcined kola nut pod; SFCKNP - solid fermented calcined kola nut pod 
 

Plum oil has rarely been investigated as a feedstock for biodiesel production. One of the first studies referred to bio-

diesel synthesis via a two-step process consisting of acid-catalyzed esterification (using H2SO4) of free fatty acids followed 

by base-catalyzed methanolysis (using solid CaO) of the esterified oil, obtained by extraction from plum kernels [16]. Górna 

et al. [17] investigated the potential application of plum kernel oils from twenty-eight varieties of Prunus domestica L. and 

Prunus cerasifera Ehrh in the biodiesel industry. The several examined biodiesel properties, such as kinematic viscosity, 

cetane number, density, and iodine values, satisfied the European biodiesel specification. Almost 70 % of the tested 

biodiesel samples met the standard for oxidation stability. Composite nano-structured catalysts, obtained by mixing 

potassium ferricyanide with different low-cost clay support materials such as bentonite, granite, White pocha, Sindh, 

and Kolten clays, were tested for transesterification of plum kernel oil [15]. Bentonite–potassium ferricyanide composite 

at a concentration of 0.3 wt.% (reaction conditions: temperature 60 °C, methanol-to-oil molar ratio 10:1) showed a high 

biodiesel yield, which further increased after calcination of the composite. Also, the obtained biodiesel quality para-

meters (iodine value, cetane number, acid value, specific gravity, and density) satisfied the standard specifications [15].  

Kinetic modeling of homo- or heterogeneously-catalyzed transesterification of different oils has been used for simu-

lation and techno-economic analysis of biodiesel production processes. Kinetic models, such as the second order [18,19], 

an irreversible pseudo-first-order [20-22], or an irreversible pseudo-second-order [23,24], have been recommended so far. 

Kostić et al. [25] compared kinetic parameters of base-catalyzed methanolysis of different vegetable oils, such as plum 

kernel, roadside pennycress, olive, melon, grape¬seed, hempseed, and sunflower. Influence of the fatty acid composition 

of all tested oils on the reaction kinetics was investigated, and the reaction rate constants correlated to the content of 

unsaturated fatty acids in oils. In addition, the model of the irreversible pseudo-first-order reaction was applied to describe 

the reaction kinetics. The reaction rate constant increased linearly with increasing the content of unsaturated fatty acids, 

with the highest value observed for plum oil methanolysis. However, studies about the kinetic modeling of the 

transesterification reaction of plum oil in the presence of plum stone shell ash as a solid catalyst are lacking.  

The present paper is the first attempt to use waste ashes from combustion of the whole plum stone, stone shells, 

and kernel cake as solid catalysts in methanolysis of plum kernel oil. The possibility of using ash to catalyze methanolysis 

of oil from the same waste material is advantageous over using other catalysts. Primarily, all catalysts were character-

rized by determining their elemental and phase composition and textural parameters. Then, the effect of the reaction 

temperature on the reaction rate and fatty acid methyl esters (FAMEs) content was investigated. Finally, the kinetics of 

the methanolysis reaction was analyzed to define the appropriate kinetic model. 
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2. MATERIAL AND METHODS 

2. 1. Materials 

Plum fruit was purchased at a local market in South Serbia. The plum stones were used for obtaining the oil and 

catalyst preparation. The chemicals used in transesterification and analytical analysis were methanol (purity of 99.5 %) 

obtained from Zorka Pharma (Šabac, Serbia), concentrated sulfuric acid (p.a. 96 %) from Lach-Ner Ltd. (Neratovice, 

Czech Republic), potassium hydroxide standard solution 0.1 N, Titrisol from Merck (Darmstadt, Germany), methanol, 

2-propanol, and n-hexane, HPLC purity, from LGC Promochem (Wesel, Germany), phenolphthalein, thymolphthalein, 

thymol violet, 2,4-dinitroaniline and benzene carboxylic acid (Sigma Aldrich, USA). 

2. 2. Oil extraction 

Plum kernel oil was obtained by the Soxhlet extraction method [16]. The yield of obtained oil was 332±02 g / kg with a 

moisture content of 2.7±0.1 wt.% and an acid value of 14.7±0.1 mg KOH/g. Due to its high acid value, the oil was pre-

esterified. The presence of free fatty acids (FFA) is not desirable in base-catalyzed transesterification due to the possibility 

for catalyst consumption. Usually, refined oils with an acid value lower than 2 mg KOH/g are recommended [33]. The 

esterification of plum kernel oil was carried out at optimal reaction conditions defined by Kostić et al. [16] to reduce its 

acid value to 1.0±0.2 mg KOH/g making it suitable for base-catalyzed transesterification.  

2. 3. Catalyst preparation 

Three types of catalysts were prepared by burning off the whole plum stones, stone shells, and kernel cake in open 

air. The obtained chars were calcined in a furnace at 800 °C in the air atmosphere, resulting in 3 wt.% of ash content. 

Catalytic activity of the calcined ashes obtained from plum stones (PSA), stone shells (PSSA), and kernel cake (PKCA) was 

tested in transesterification of plum oil with methanol.  

2. 4. Catalyst characterization 

2. 4. 1. Elemental analysis 

Elemental analysis of ashes was determined by using the inductively coupled plasma analytical technique with 

optical emission spectrometry (ICP-OES). Digestion of samples was carried out in a microwave digester (Ethos 1, 

Milestone, Italy), in closed Teflon cuvettes, at high pressure (10 MPa) and high temperature (210 oC) for 20 min. Acids 

used for the total sample dissolution were H2SO4 96 %, H3PO4 85 %, HNO3 65 %, and HF 40 % (Alfa Aesar GmbH & Co 

KG, Germany). For instrument calibration, standard solutions were prepared from the multi-element standard plasma 

solution 4, Specpure®, 1000 μg cm-3, and silicon, the standard plasma solution, Specpure®, Si 1000 µg cm-3 (Alfa Aesar 

GmbH & Co KG, Germany). The concentration of elements was measured by using an iCAP 6500 Duo ICP instrument 

(Thermo Fisher Scientific, Cambridge, UK) with iTEVA operating software. 

2. 4. 2. XRD analysis 

Identification of phases in PSA, PSSA, and PKCA samples was performed by the X-ray powder diffraction (XRD) 

technique (Rigaku SmartLab automatic multipurpose X-ray diffractometer) using CuKα radiation (λ = 0.15418 nm) in the 

2 range of 10-90° and step-length of 3o min-1. The crystalline phases were identified by comparing the XRD 

diffractograms with the diffraction patterns of individual phases provided by the ICDD (International Center for 

Diffraction Data), the former JCPDS (Joint Committee of Powder Diffraction Standards). 

2. 4. 3. Hg porosimetry 

Mercury Intrusion Porosimetry measurements were performed in the fully automated conventional apparatus Carlo 

Erba Porosimeter 2000 (Carlo Erba, Italy; pressure range: 0.1 to 200 MPa; pores with a diameter within 7.5 and 

15,000 nm). Acquisition of the analysis data was performed by using the Milestone Software 200 (Milestone Systems, 

Denmark). Two subsequent intrusion-extrusion runs (Run I and Run II) were conducted. Before the analysis, the samples 

were evacuated for 2 h in a dilatometer placed in the Macropores Unit 120 (Carlo Erba, Italy). 
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2. 4. 4. Base strength 

Base strength (H_) of catalysts was determined by using Hammett indicators: phenolphthalein (H_ = 9.3), 

thymolphthalein (H_ = 10.0), thymol violet (H_ = 11.0), and 2,4-dinitroaniline (H_ = 15.0). The procedure included 

mixing the catalyst (50 mg) with 1 cm3 of Hammett indicators solution diluted in 2 cm3 of methanol. The mixture was 

shaken for 1 h and left to reach color equilibration. The base strength of the catalyst was determined based on the 

change of color in the solution. The change of colors occurs when the catalyst strength is higher than the weakest 

indicator, but it remains unchanged when it is lower than the strongest indicator. The catalyst basicity was measured 

by titration of the Hammett indicator-benzene carboxylic acid (0.02 mol L−1 anhydrous ethanol solution). 

2. 5. Transesterification 

Transesterification of esterified plum kernel oil (20 g) with methanol (8.83 g) using PSA, PSSA, PKCA as a catalyst 

(catalyst loading of 10 %, based on the oil weight) was carried out in a 250 cm3 three-neck glass round-bottom flask 

equipped with a reflux condenser and stirred by a magnetic stirrer. The initial methanol-to-oil molar ratio of 12:1 was 

kept constant while the reaction temperature varied from 40 to 60 °C. The reaction mixture was intensively agitated at 

800 rpm. The samples (0.3 cm3) were taken at timed intervals (5, 10, 20, 30, 40, 50, 60, 75, 90, and 120 min) and 

quenched by immersing the vials in ice water and centrifuged (Sigma Laborcentrifugen 2-6E, Germany, 3500 rpm) for 

10 min to separate the methyl ester layer. The upper layer aliquot (methyl esters phase) was dissolved in a solution of 

2-propanol and n-hexane (5/4, v/v) in the ratio of 1:200 and filtered through a 0.45 m Millipore filter to prepare for 

HPLC analysis. The HPLC analysis was performed by using HPLC chromatography (Agilent 1100 Series, Agilent 

Technologies, Germany) according to the method described elsewhere [34]. The test for catalyst reusability was also 

performed under the same reaction conditions: the catalyst amount of 10 wt.%, the methanol-to-oil molar ratio of 12:1, 

and the reaction temperature of 60 °C. The catalyst was separated from the reaction mixture at the end of reaction by 

vacuum filtration and used in the next batch without treatment. Also, the separated catalyst was recalcined (800 °C, 2 

h) before the subsequent cycle and then tested for reusability. All experiments were done in duplicate. 

3. KINETICS 

Kinetics of plum oil methanolysis catalyzed by PSSA was studied under intensive agitation (800 rpm) at various 

temperatures by monitoring the FAME production. It was assumed that the catalyst, reactants, and products were 

distributed uniformly in the reaction mixture. As a result, the consumption rates of diacylglycerols (DAGs) and 

monoacylglycerols (MAGs) were higher than that of triacylglycerols (TAGs), resulting in low concentrations of the two 

former acylglycerols during the reaction. Hence, the conversion of plum kernel oil into the FAMEs and glycerol, in the 

presence of ash as a solid catalyst, can be presented by the overall stoichiometric equation instead of presenting 

separately each of all three reaction steps, equation (1): 

A + 3B ⇄ 3R + S (1) 

where A, B, R, and S denote the reactants and products: oil, methanol, FAME, and glycerol, respectively. 

The reaction occurred in excess of methanol, so it can be considered irreversible. At lower temperatures, the overall 

process rate is controlled by the TAG mass transfer rate and the chemical reaction rate in the initial heterogeneous and 

the later pseudo-homogeneous regime, respectively [35]. On the other hand, only a pseudo-homogeneous regime exists 

at the highest temperature, where the chemical reaction limits the overall process rate. The pseudo-first-order kinetic 

model is valid for both heterogeneous and pseudo-homogeneous regimes [35], equation (2): 

( ) A

A A

d

d

c
r kc


− = − =  (2) 

where cA is the TAG concentration, k is the apparent rate constant, and  is the reaction time. For the heterogeneous 

regime, the apparent rate constant corresponds to the TAG mass transfer coefficient. For the pseudo-homogeneous 

regime, it is the pseudo-first-order reaction rate constant. The TAG concentration is related to the conversion degree xA 

as follows, equation (3): 
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cA =cA0 (1-xA) (3) 

By introducing Eq. (3) into Eq. (2) and by integrating it for the initial condition:  = 0 and xA = 0, the final equation (4) 

is obtained: 

-ln (1-xA) = k + C (4) 

where C is the integration constant (C = 0 for the heterogeneous regime at 40 and 50 °C and the pseudo-homogeneous 

regime at 60 oC, because xA = 0 for  = 0). 

4. RESULTS AND DISCUSSION 

4. 1. Catalyst characterization 

The main elements in the obtained ashes were K, Ca, and Mg (Table 2), at reasonably high contents typical for some 

ashes, such as Sesamum indicum plant ash [36], hazelnut shell ash [3] or Acai seed ash [26]. Silicon, a common consti-

tuent of ashes from various sources, such as wood, shells, straws, and husks [37], was present in the PSA and PSSA but 

significantly less in PKCA. The prevalence of K and Ca affects the catalytic activity of ash. A high FAME content was 

achieved in a shorter reaction time in oil methanolysis catalyzed by ashes containing higher contents of K and Ca than 

other elements [3,5,26]. Similarly, a higher ash catalytic activity due to the presence of K was demonstrated by 

comparing the catalytic activities of hazelnut shell ash and quicklime (CaO) under similar reaction conditions [3]. 
 
Table 2. Elemental composition of the obtained ashes 

Element 
Content*, % 

PSA PSSA PKCA 

Ca 9.43 11.79 6.55 

K 7.82 11.31 12.47 

Mg 2.62 2.43 3.08 

Si 1.07 2.49 0.05 

Fe 0.71 0.68 0.08 

Al 0.48 0.58 0 

Na 0.32 0.47 0.14 
*STD was lower than 0.26 

 

The structure evolution during calcination of raw materials is shown in Fig. 1. The detected crystalline phases in all three 

samples could be divided into three groups: group I – pure oxide and chloride phases of potassium (sylvite – KCl,  

PDF#41-1476), calcium (lime – CaO, PDF#37-1497), magnesium (periclase – MgO, PDF#43-1022), and silicon (quartz – SiO2, 

PDF#46-1045), group II – calcium silicate phases (rankinite – Ca3Si2O7, PDF#22-0539 and laranite – Ca2SiO4, PDF#70-0388), 

group III – complex crystalline phases of potassium, magnesium, calcium, sodium, aluminum, and silicon in the form of 

sulfate, phosphate, and chloride (hazenite – KNaMg2(PO4)2·14H2O, PDF#15-0762, kainite – KMg(SO4)Cl·2.75H2O, 

PDF#35-0812, carnallite - KMgCl3·6H2O, PDF# 24-0869, polyhalite – K2Ca2Mg(SO4)4·2H2O, PDF#5-628, syngenite –K2Ca(SO4)2· 

·H2O, PDF#74-2159 and flörkeite – K3Ca2Na[Al8Si8O32]·12H2O, PDF#34-0137). The phase composition corresponds to the 

other ashes derived from different biomass sources [38]. Intensities of the primary diffraction line of phases varied 

according to chemical composition and decreased as the element concentration decreased. However, interactions 

between elements led to a deviation due to the creation of numerous complex phases. The appearance of group II 

characteristic phases follows the mechanism of biomass ash formation [38] as a consequence of the interaction between 

CaO and SiO2 during the solid-state reaction at the ash fusion temperature. At high temperatures (>700 °C), CaO pene-

trates the melted glassy phase, whereby a part reacts and forms calcium silicate compounds. The other part of CaO is 

trapped and inaccessible as an active catalyst center. More significant calcium losses at these temperatures are 

characteristic for samples with higher silicon contents and for long-term calcination [39]. Besides the simple compounds 

in the CaO-SiO2 phase system, creation of more complex crystal forms (group III) takes place, especially in the case of a 

sample with the low silicon content. The crystalline phases from groups II and III could contribute to the morphological 

and textural properties of the final catalyst. 
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The values of textural parameters obtained by Hg porosimetry for the obtained catalysts (i.e. calcined ashes) are 

given in Table 3. Furthermore, the total intruded volume of Hg and the corresponding pore size distribution (PSD) curves 

for the two subsequent intrusion cycles (I and II) are presented in Fig. 2. In all three samples, a significant reduction in 

the total intruded mercury can be observed, indicating the existence of interparticle space in the materials [40], which 

was confirmed by a decrease in porosity amounting to 40 to 65 % in the cycle II. The PSD curve for the PSA sample is 

bimodal in cycle I with pore diameters centered at 2.48 and 7.53 μm. In cycle II, the PSD curve exhibits a monomodal 

character with a pore diameter centered at 2.23 μm. 
 

 
 
Fig. 1. XRD patterns of calcined PSA, PSSA and PKCA ashes 

 
Fig. 2. Pore size distribution curves for (a) PSA, (b) PSSA, and (c) PKCA ashes 
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On the other hand, the PSD curves for the PSSA sample exhibit monomodal character in both intrusion cycles with 

a slight change in pore diameter centered at nearly 7.0 μm. Unlike the first two samples, the PSD curves for PKCA are 

multimodal with pore diameters in a wide range (from 1.71 to 6.50 μm). The multimodal character of the curve was 

preserved in the cycle II but with a somewhat narrower range of pore diameters, excluding pores of about 7.0 μm. 

Shifting pore size to a larger diameter leads to a lower surface area [41]. Thus, the pore diameter for all samples is in 

the macropore region, as confirmed by a low specific surface area. The macroporous pore system is very favorable and 

suitable for reactions whose reactants are large organic molecules, such as TAGs [3,5,42]. However, for the type of 

catalyst obtained in the one-way process, such as in this study, the chemical composition plays a more significant role 

than the textural properties. Although the catalytic activity of solid catalysts is directly related to the surface area, the 

surface area did not influence the catalytic activity of walnut and hazelnut ashes [3,5]. The PSSA catalyst had the lowest 

surface area (Table 3) amounting to 1.67 m2 g-1, which is lower than the value reported for a Sesamum indicum plant 

ash (3.66 m2 g-1) [36] and close to that of a Musa acuminata peel ash (1.45 m2 g-1) [28].  

The base strength (H_) for all catalysts was in the range 9.3<H_<15.0. The PSSA sample exhibited the highest basicity 

(3.384 mmol g-1), while the basicity of the PKCA and PSA samples was lower (1.293 and 0.924 mmol g-1, respectively).  
 
Table 3. Textural parameters of catalysts 

Sample Intrusion cycle Vp / cm3 g-1 SHg / m2 g-1 Dp / μm BD / g cm-3 BDCorr / g cm-3 P / % 

PSA 
I 1.19 10.35 2.60 0.67 3.31 79.75 

II 0.73 3.83 2.27 0.67 1.30 48.58 

PSSA 
I 0.80 1.67 7.23 0.93 3.59 74.06 

II 0.39 1.28 5.05 0.93 1.45 35.93 

PKCA 
I 1.38 4.14 5.81 0.57 2.69 78.83 

II 0.49 3.16 1.67 0.57 0.79 27.65 

Vp – Total pore volume; SHg – Specific surface area; Dp – Average pore diameter; BD – Bulk density; P - Porosity 

4. 2. Plum kernel oil methanolysis catalyzed by PSA, PSSA, and PKCA ashes 

The catalytic performance of PSA, PSSA, and PKCA was evaluated in methanolysis of the pre-esterified plum oil. 

Change in FAME contents during the reactions is presented in Fig. 3, where the order of the catalytic performance of 

the tested ashes was PSSA > PKCA > PSA and it follows their basicity. Significantly higher FAME contents were achieved 

in the reaction catalyzed by PSSA as compared to those obtained in the reactions catalyzed by PSA and PKCA during the 

whole reaction period. Furthermore, rapid formation of FAMEs in the initial reaction period contributed to a faster 

overall reaction catalyzed by PSSA, thus indicating absence of diffusion limitations in the liquid-liquid-solid system at 

the beginning of the reaction. On the other hand, slow FAME formation at the beginning of the reactions catalyzed by 

PSA or PKCA was evident. 
 

 
Fig. 3. Methanolysis of plum kernel oil catalyzed by PSSA - , PSA  -  and PKCA -  (reaction temperature 60 °C) 

 
  / min 
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Investigating the catalytic performance of mixed oxides, Fraile et al. [43] found that alkaline ions (Na+) were the primary 

source of the catalyst strong basicity and contributed to the higher catalytic activity. Furthermore, they concluded that 

solids with a high content of alkaline ions had a low surface area. Therefore, the observed difference in reaction rates could 

be analyzed from the aspect of elemental composition; the higher content of Ca and K would positively affect the basicity. 

Buchori et al. [44] studied the effect of adding K2O to CaO-ZnO on the resulting catalyst basicity. The results revealed that 

a higher molar ratio of CaO and higher content of the added K2O increased the catalyst basicity. Similarly, Tang et al. [45] 

reported that loading KCl onto CaO can increase the basicity of the catalyst and affect its porosity. Although the pore size 

diameters of all catalysts investigated in the present study were distributed in the macroporous region (Section 4. 1.) 

indicating effective diffusion [41], lower reaction rates of the reactions catalyzed by PKCA and PSA were observed. 

4. 3. Effect of the reaction temperature on the methanolysis reaction rate and FAME content 

Since PSSA showed the best catalytic performance, kinetics of the reaction catalyzed by this catalyst was investigated 

at three reaction temperatures (40, 50 and 60 °C). Lower FAME contents were achieved when the reaction was performed 

at lower temperatures (Fig. 4), which was especially pronounced in the initial reaction period. A longer reaction time was 

required to reach the FAME content over 95 % at 50 °C than at 60 °C. Similarly, Barros et al. [30] found that increasing the 

temperature from 50 to 60 °C significantly increased the FAME content in the reaction catalyzed by calcined pineapple 

leaves ash. The increase in the reaction temperature increases the reaction rate constant since oil methanolysis is an 

endothermic reaction. However, by lowering the reaction temperature, diffusion limitations in the liquid-liquid-solid 

system could also occur, causing a slow initial reaction period. A temperature increases from 40 to 80 °C at a methanol-to-

oil molar ratio of 12:1 and a catalyst loading of 7 wt.% positively affected oil conversion over calcined tucumã peel ash, 

containing mainly K, P, Ca, and Mg [46]. The PSSA-catalyzed methanolysis was performed at a lower temperature (60 °C) 

than other methanolysis reactions catalyzed by different ashes reported in literature [35,46-48]. Likewise, the high FAME 

contents were achieved at the same reaction temperature in oil methanolysis using the walnut shell [5] and hazelnut 

shell [3] ashes as catalysts.   
 

 
Fig. 4. Changes in the FAME content over the reaction time at different reaction temperatures: 60 oC - , 50 oC -  and 40 oC -   
 

A simple empirical pseudo-first-order reaction model (Eq. 4) was employed for the kinetic study of plum oil methano-

lysis catalyzed by PSSA. The dependence -ln (1-xA) vs. time is shown in Fig. 5. The reaction performed at 60 °C was 

successfully described by the model as a linear dependence -ln (1-xA) vs. time was observed. However, for the reactions at 

40 and 50 °C, two straight lines with different slopes in the initial and the final reaction periods were observed. Therefore, 

 
  / min 
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Eq. (4) was applied to calculate only the apparent reaction rate constants for the pseudo-homogeneous regime at different 

temperatures. The apparent reaction rate constant increased with the temperature (Fig. 6). The activation energy for the 

plum oil methanolysis catalyzed by PSSA was calculated by applying the Arrhenius equation (5): 

aE

RTk Ae
 

− 
 =  (5) 

where A / min-1is the pre-exponential factor, Ea / J·mol-1 is the activation energy, R is the gas constant (8.314 J·mol-1·K-1), 

and T / K is the reaction temperature.  
 

 
  / min 
Fig. 5. Application of the irreversible pseudo-first-order kinetic model (lines) for plum kernel oil methanolysis at different reaction 
temperatures (experimental data: 60 °C - , 50 °C - , and 40 °C - ) 
 

 
Fig. 6. Dependence of ln k on the 1/T (Arrhenius plot) 
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The values of ln k were linearly dependent on 1/T, as shown in Fig. 6 and the activation energy was calculated from 

the slope of the linear dependence. Hence, the activation energy and pre-exponential factor of plum oil methanolysis 

catalyzed by PSSA were determined to be 58.8 kJ mol-1 and 19.3·105 min-1. The activation energy value was in the range 

of other values reported in literature, presented in Table 4. It is lower than the values for methanolysis of soybean oil 

catalyzed by pineapple leaves ash [30] and Tucumã peel ash [46] but higher than those reported for methanolysis of J. 

curcas oil and soybean oil catalyzed by L. perpusilla Torrey ash [49] and waste Brassica nigra plant ash [52], respectively.  
 

Table 4. Summary of activation energy values reported for oil methanolysis catalyzed by various solid base catalysts 

Catalyst type Type of oil feedstock Kinetic model Ea / kJ mol-1 Ref. 
L. perpusilla Torrey ash Jatropha curcas L. oil Based on TGA analysis 29.49 [49]  

Palm oil mill fly ash supported calcium oxide Crude palm oil Pseudo-first order 42.56 [50]  

Rice husk-derived sodium silicate Palm oil Pseudo-first order 48.30 [51]  

Tucumã peel ash Soybean oil Pseudo-first order 61.23 [46]  

Waste Brassica nigra plant ash Soybean oil Pseudo-first order 27.87 [52]  

Pineapple leaves ash Soybean oil n.r. 86.84 [30]  

Citrus sinensis peel ash (CSPA)@Fe3O4 Waste cooking oil Pseudo-first order 34.41 [53]  

Plum stone shell ash Plum oil Pseudo-first order 58.8 This work 
n.r. – not reported 

4. 4. Reuse of the PSSA catalyst 

The PSSA catalyst was tested for reuse as it exhibited the highest catalytic activity. After the reaction completion the 

catalyst was separated from the reaction mixture and reused in the next batch without treatment. In the repeated 

reaction a low FAME content (30 %) was obtained at 60 min, indicating the catalytic activity loss. Therefore, the 

separated catalyst was recalcined (800 °C, 2 h) before the subsequent cycle. In this case, a high FAME content of 93.54 % 

was achieved in 90 min of reaction (Fig. 7), which was still lower than that achieved in the first batch. Similarly, a lower 

FAME content at the beginning of the reaction was observed with recalcined walnut and hazelnut shell ashes [3,5]. 

Therefore, PSSA could be recommended as an effective catalyst for the transesterification of plum kernel oil with the 

possibility of being reused after recalcination. However, a further detailed investigation of reused catalysts in respect 

of basicity and elemental and phase composition should be performed to provide information on the effect of the reuse 

and recalcination on the catalytic activity. 
 

 
Fig. 7. Comparison of FAME contents obtained by using the fresh PSSA (dark grey) and recalcined PSSA (light grey) as catalysts at 
different reaction times (temperature of 60 °C, methanol-to-oil molar ratio of 12:1, and catalyst amount of 10 %) 

 
  / min 
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5. CONCLUSION

Waste plum stones can be a significant raw material for biodiesel production as they can be used as a source of oil

(kernels) and catalyst (stone shell ash). However, using plum oil in transesterification required its pre-esterification 

because of its high acid value and basic properties of the catalyst. The plum stone shell ash predominantly contains K, 

Ca, and Mg compounds. The catalytic test revealed that PSSA at 60 °C was the most active catalyst as compared to PSA 

and PKCA. The determined activation energy value (58.8 kJ mol-1) was in the range of the values reported for ash-based 

catalysts. Overall, PSSA can be recommended as a catalyst for biodiesel production from plum kernel oil because of its 

efficiency and reusability after recalcination. 
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(Naučni rad) 
Izvod 

U ovom radu istraživana je mogućnost korišćenja otpadnih koštica šljive u proizvodnji biodizela. Jezgra 
šljive su iskorišćena kao sirovina za dobijanje ulja primenom Soxhlet-ove metode ekstrakcije. Cele 
koštice, ljuske koštica šljive i pogača dobijena nakon ekstrakcije ulja iz jezgra šljive spaljeni su da bi se 
dobio pepeo, koji je korišćen kao katalizator. Dobijene tri vrste sakupljenog pepela su najpre 
okarakterisane u pogledu hemijskog sastava, poroznosti i baznosti, a zatim je testirana katalitička 
aktivnost u transesterifikaciji esterifikovanog ulja koštica šljive. Dominantni elementi u pepelu, kao što 
su kalijum, kalcijum i magnezijum, imali su različit sadržaj u sve tri vrste pepela. Najveću katalitičku 
aktivnost pokazao je pepeo koštica šljive, zbog čega je dalje istraživan uticaj temperature (40, 50 i 60 °C) 
na brzinu reakcije katalizovane ovim pepelom. Konstanta brzine reakcije povećavala se sa porastom 
temperature reakcije, a vrednost energije aktivacije je 58,8 kJ mol-1. Pored toga, pepeo koštica šljive 
može se ponovo koristiti kao katalizator nakon rekalcinacije.  

Ključne reči: pepeo; kataliza; kinetika; 
metanoliza; transesterifikacija 
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Abstract 

Deep eutectic solvents (DESs) are called 'designer solvents' due to various structural 
variations and the benefit of tailoring their physicochemical properties. For industrial 
applications of DESs it is crucial to know their physical and thermodynamic properties such 
as density, viscosity, and refractive index. These properties were measured for three lecithin 
(LEC)-based DESs with glycerol (G), triethanolamine (TEOA), and oleic acid (OLA) as functions 
of temperature. The viscosity was fitted by both Arrhenius-type and Vogel-Tamman-Fulcher 
equations. The density, viscosity, and refractive index of tested DESs decreased with the 
increase in temperature. The LEC:G DES exhibited the lowest density at all tested tempe-
ratures. This DES was selected as a cosolvent in the ethanolysis of cold-pressed black 
mustard (Brassica nigra L.) seed oil catalyzed by either calcined or non-calcined CaO. The 
reaction was carried out in a batch stirred reactor under the following conditions: the 
temperature of 70 °C, the ethanol-to-oil molar ratio of 12:1, and the amount of DES and CaO 
of 20 and 10 wt.% (to oil), respectively. The presence of DES accelerated the reaction, while 
the separation of the final reaction mixture phases was faster. 

Keywords: Brassica nigra L.; black mustard; ethanolysis; fatty acid ethyl esters; deep eutectic 
solvent.
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1. INTRODUCTION  

Tendency to eliminate or reduce the use of organic solvents in various technological processes has led to the 

increased interest in developing different 'green' solvents, such as deep eutectic solvents (DESs). DESs are defined as 

mixtures of two or more components, hydrogen bond acceptors (usually choline chloride (ChCl)) and hydrogen bond 

donors (like alcohols, amides, carboxylic acids, esters, ethers, etc.), which are interconnected by hydrogen bonds. This 

newly formed mixture has a melting point lower than the individual components. These solvents are desirable and 

acceptable due to the possibility of adjusting their properties by selecting the appropriate components (often natural, 

cheap, safe, and available) that enable the formation of hydrogen bonds. Appropriate DESs possess several advantages: 

low cost, easy preparation, biodegradability, nontoxicity, wide liquid range, non-volatility, thermal stability, and non-

reactivity with water [1]. However, for applying any DES, for instance, in biodiesel production combined with non-edible 

vegetable oils, it is essential to determine their physical and thermodynamic properties. 

In recent years, the application of DESs as efficient cosolvents or catalysts in biodiesel synthesis has been raising at-

tention [2,3]. ChCl:glycerol (ChCl:G) DES has been successfully applied for transesterification of different oils, such as palm 

oil [3], expired sunflower oil [4], cooking waste oil [5], rapeseed oil [6], and Xanthoceras sorbifolia Bunge seed oil [7]. The 
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application of DESs for biodiesel production from black mustard (Brassica nigra L., Brassicaceae) seed oil (BMSO) has not 

been reported in the literature.  

Black mustard is one of the few oilseeds adapted to colder regions, with a minimum amount of pesticides and other 

agricultural inputs [8]. BMSO contains a large proportion of erucic acid (up to 50 %) that can harm the cardiovascular 

system, so its application in the diet must be cautious [9]. However, due to containing single double-bond, branched, 

and long-chain fatty acids, this oil has lower pour and cloud points than the oils with a higher content of saturated fatty 

acids, making it suitable for diesel engines as an alternative fuel [10,11]. Biodiesel produced from BMSO demonstrates 

excellent potential as a lubricant additive with lower cloud and pour points (3.5 and -15 oC, respectively), making it 

suitable for regions with cold climates [8]. Shahzadi et al. [12] performed the KOH-catalyzed methanolysis of a previously 

esterified BMSO, while Aslan and Eryilmaz [10] reported the KOH-catalyzed ethanolysis of BMSO. 

Since lecithin (LEC) has the same choline group in its structure as ChCl, it seems to be a possible replacement for 

ChCl, a well-known substance used for preparing various DESs. It represents a mixture of naturally occurring lipids, from 

which more than 50 % are phospholipids [13]. As a surfactant with a hydrophilic head and two hydrophobic tails, LEC 

forms organogels [14,15], which are used for preparation of cosmetic and pharmaceutical formulations [13], drug 

delivery [16], lubrication, food processing [17], and extraction [14,18]. The amphiphilic molecular structure of LEC also 

allows its application as a natural emulsifier in food products [17,19,20]. However, the use of LEC to prepare DESs is not 

reported in the literature. 

In this paper, three novel DESs were prepared by combining LEC with G, triethanolamine (TEOA), or oleic acid (OLA) 

in a molar ratio of 1:2. Density, viscosity, and refractive index of these DESs were measured at atmospheric pressure in 

the temperature range of 293.15-363.15 K relevant for the practical use. Several thermodynamic properties were 

calculated, such as molar volume, lattice energy, heat capacity, as well as molar Gibbs energy, enthalpy, and entropy of 

activation of viscous flow. Finally, the possibility of using the LEC:G DES as a suitable replacement for the ChCl:G DES as 

a cosolvent in the heterogeneously-catalyzed ethanolysis of cold-pressed BMSO was tested in which either calcined or 

non-calcined CaO was used as catalysts. Moreover, the catalytic activities of non-calcined and calcined CaO without or 

with LEC:G or ChCl:G DESs were compared. To the best of the authors' knowledge, this is the first study of the physical 

and thermodynamic properties of the DESs mentioned above and the application of the LEC-based DES in 

transesterification reactions. 

2. EXPERIMENTAL 

2. 1. Materials  

For the preparation of the DESs, soybean LEC (from TCI, Germany), G (Ph Eur grade, MeiLab, Belgrade, Serbia), OLA 

(99 %, Sigma-Aldrich, St. Louis, USA), and TEOA (99.%, Centrohem, Stara Pazova, Serbia) were used. CaO (extra pure) 

and ChCl (≥ 98.0 %) were obtained from Sigma Aldrich (St. Louis, USA). Absolute ethanol (99.5 %) was purchased from 

Sani-Hem (Novi Bečej, Serbia). HPLC grade methanol, 2-propanol, and n-hexane were provided from Lab-Scan (Dublin, 

Ireland). Ethyl acetate (99.5 %, Merck-Millipore, Darmstadt, Germany) and glacial acetic acid (Zorka, Šabac, Serbia) were 

employed as solvents. Hydrochloric acid (36.0 %) was purchased from Centrohem (Stara Pazova, Serbia). The standards 

of triolein, diolein, and monoolein and the standards containing ethyl esters of palmitic, stearic, oleic, linolenic, and 

linoleic acids (20.0 % of each ester), were provided from Sigma-Aldrich (St. Louis, USA). 

2. 2. Cold pressing of black mustard seeds 

Black mustard seeds were provided from the Institute of Field and Vegetable Crops, Novi Sad, Serbia. The moisture 

content of the seeds (4.2 ± 0.2 wt.%) was determined by drying seeds at 105 °C until constant weight. The BMSO was 

obtained by cold pressing (oil press Komet, Germany) and filtered first under vacuum through a sterile gauze and filter 

paper to remove all impurities. The physicochemical properties of the oil were as follows: the density of 985.1 kg m-3 at 

20 °C, the viscosity of 123.3 mPa∙s at 25 °C, the acid value of 2.08 mg KOH/g, the saponification value of 169.4  mg 

KOH / g, and the iodine value of 99.2 g I2 / 100 g [9]. 
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2. 3. Preparation of LEC-based DESs  

LEC was mixed with the desired compound (G, TEOA, or OLA) at the molar ratio of 1:2 in a round-bottom flask. The 

flask was placed on a rotary evaporator at 348.15 K until a homogeneous viscous liquid was obtained, as described 

elsewhere [21]. The prepared DESs were stored in glass bottles placed in a desiccator with CaCl2 until use. 

2. 4. Measurements of the physical properties of LEC-based DESs 

Density, viscosity, and refractive index were measured by using a densitometer (DMA 4500 Anton Paar, Austria), 

rotational viscometer (Visco Basic Plus, ver. 0.8, Fungilab S.A., Barcelona, Spain), and an automatic refractometer (Atago 

A100, Japan), respectively, at atmospheric pressure in the temperature range between 293.15 and 363.15 K. Two 

replicates were carried out for each measurement. 

2. 5. Fourier transform infrared spectroscopy (FTIR) analysis of LEC-based DESs 

FTIR spectra of the solid compounds were recorded at 25 °C by a spectrophotometer (Michaelson Bomen MB-series, 

Canada) using the KBr pastille (1.5 mg/150 mg) technique (4000-400 cm–1 range and 2 cm–1 resolution). The solid 

compound and KBr were mixed, vacuumed, and pressed (200 MPa) to form a thin, permeable pastille. The FTIR spectra 

of the liquid compounds were recorded by the same spectrophotometer with using the special discs. 

2. 6. BMSO ethanolysis: equipment and experimental procedure 

The reaction of BMSO ethanolysis was performed at 70 ± 0.5 °C under reflux in a magnetically stirred (600 rpm) two-

neck round-bottom flask (250 cm3) placed in a glass chamber. Water temperature in the chamber was kept constant by 

circulating water from a water bath by a pump. Two series of experiments were performed using calcined and non-

calcined CaO. For the first series of experiments, commercial CaO was activated by calcination at 550 °C for 2 h [22], 

cooled, and kept in well-closed glass bottles in a desiccator with CaCl2 and KOH pellets. The same, not calcined CaO, was 

used in the second experimental series. For all experiments, ethanol (22.5 g), the catalyst (4 g), and the cosolvent (8 g) 

were added to the reaction flask. After stirring the suspension for 30 min, BMSO (40 g), previously preheated at the 

reaction temperature, was poured into the reaction flask, the magnetic stirrer was switched on, and the reaction was 

timed. The reaction samples (1 cm3) were taken from the mixture during the reaction at different time intervals, cooled 

in an ice bath, and centrifuged (Sigma 2-6E, Sigma Laborzentrifugen GmbH, Germany; 3500 rpm, 10 min). The upper 

ester/oil layer was withdrawn and dissolved in the 2-propanol/n-hexane (5:4 v/v) mixture in a 1:10 or 1:200 ratio for 

qualitative thin layer (TLC) or quantitative liquid chromatography (HPLC) analysis (HPLC chromatograph details: Agilent 

1100 Series, Agilent Technologies, Germany), respectively, followed by filtration through a 0.45 μm Millipore filter 

(Merck KGaA, Germany). After completing the reaction, the reaction mixture was poured into a separation funnel, and 

the separation of the phases was timed. All experiments were performed twice. For the X-ray powder diffraction (XRD), 

the precipitated CaO catalyst was removed from the reaction mixture, washed with ethanol, filtered, and dried in an 

oven at 110 °C for 2 h. 

2. 7. Separation of fatty acid ethyl esters (FAEEs) 

During the separation of the final reaction mixture, three layers were formed. The upper layer consisted of FAEEs 

and insignificant amounts of triacylglycerols (TAG), diacylglycerols (DAG), and monoacylglycerols (MAG). The middle 

layer contained excess ethanol, glycerol, and cosolvent. CaO was precipitated in the bottom layer. 

2. 8. Analytical methods 

Chemical composition of the reaction mixture samples was analyzed qualitatively and quantitatively by the TLC and 

HPLC methods, respectively [23,24]. The contents of FAEEs and acylglycerols were calculated from the corresponding 

peak areas by using the calibration curves obtained by using the standard mixtures. The XRD measurements were 

performed by using a Philips PW 1050 X-ray powder diffractometer (Philips, The Netherlands) with Ni-filtered Cu Kα1,2 
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(λ = 0.154178 nm) radiation and the Bragg–Brentano focusing geometry. Measurements were performed over a 2 

range of 7 to 70° at room temperature. The scanning step was 0.05° the counting time was 3 s per step. 

3. RESULTS AND DISCUSSIONS 

3. 1. The effect of temperature on the physical properties of LEC-based DESs 

3. 1. 1. Density 

Figure 1 represents temperature dependences of density of the studied DESs, while the experimental density values 

are given in Tables A1-A3 in the Supplementary material. The density of the tested LEC-based DESs decreased slightly 

and linearly with the increase in temperature due to the increased mobility of the molecules and decreased molecular 

interactions, which agrees with the previous reports [25–27]. For the investigated temperature range, the density of 

the tested DESs lies within the range of 1285.8 - 1397.6 kg∙m-3 with the LEC:G DES having the lowest density values. At 

313.15 K, all LEC-based DESs are liquid, and their densities follow the following order: LEC:G < LEC:TEOA < LEC:OLA.  

 

 
Figure 1. Densities (ρ) of the LEC-based DESs as functions of temperature: LEC:G –  (STD ≤ 3.5 %), LEC:TEOA – (STD ≤ 2.8 %), and 
LEC:OLA – (STD ≤ 3.9 %). 

 

Due to the lack of literature data for the tested LEC-based DESs, their density values were compared with those 

reported for the DESs with the same hydrogen bond donors. Formation of hydrogen bonds between constitutional 

components of DESs strongly affects the density of all DESs. The LEC:TEOA and LEC:OLA DESs have higher density values 

than the LEC:G DES due to the highest number of -OH groups in TEOA and the largest molecular size of OLA, providing 

a stronger intermolecular H-bonds' network as compared to that of the LEC:G DES [28]. 

The LEC:G DES has a significantly higher density than the DESs with G, such as the N,N-diethylethanolammonium 

chloride:G (1:2) [29], tetrapropylammonium bromide:G (1:3) [30], ChCl:G (1:2) DESs [27,31,32] because LEC has the 

larger molecular mass than the other hydrogen bond acceptors [28]. For the same reason, the density values for the 

LEC:TEOA DES are higher than those reported for the ChCl:TEOA (1:2) [33] and ChCl:TEOA (1:1) DESs [25]. 

For the design of technological processes, it is very important to know the effect of temperature on the density of 

DESs. In addition, density values can be used to calculate values of thermal expansion or compressibility coefficients 

that are valuable liquid structure and interactions data. When a DES system is heated, the molecules move faster, 

increasing the molar volume and, thus, decreasing the density [34]. Although high density of a DES is a problem for 

handling or mixing in chemical processes, it may be desirable in extraction processes since a relatively large difference 

in density between the raffinate and extract phases is required to guarantee more efficient phase separation [26].  

The density values were correlated to the temperature by the following linear equation (1): 

ρ = a + bT (1) 
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The parameters a (the density at 0 K) and b (the coefficient of volume expansion) were obtained from the intercept 

and slope of the best linear fits, respectively (Table 1). The obtained low mean relative percent deviations (MRPD), and 

coefficients of determination (R2) close to unity (> 0.996) indicate excellent agreement of the linear density-temperature 

dependences with experimental data. 
 

Table 1. Parameters obtained by the best linear fits of ρ as a function of temperature in the range 293.15-363.15 K (Eq. 1) for LEC-
based DESs  

DES Density range / kg·m-3 a / kg·m-3 b / kg·m-3·K-1 MRPD, % R2 

LEC:G 1285.8-1342.3 1577.5 -0.803 0.03 0.999 

LEC:TEAO 1347.9-1379.9 1513.6 -0.4581 0.04 0.996 

LEC:OLA 1341.4-1397.6 1634 -0.8054 0.02 0.999 

According to the values of the coefficient of volume expansion it could be deduced that thermal sensitivities of the 

LEC-based DESs are in the following order: LEC:OLA ˃ LEC:G ˃ LEC:TEAO.  

Expansion of DESs with temperature is best quantified by the thermal expansion coefficient (α), which is obtained 

as a slope of the ln ρ-T linear fit of Eq. (2) [25]: 

ln ρ = c - αT (2) 

where c is an empirical constant. Thermal expansion coefficient values were determined in the range between 3·10-4 K-1 

and 6·10-4 K-1 (Table 2), indicating that the investigated DESs do not expand appreciably in the covered temperature range. 
 

Table 2. Parameters obtained by the best linear fit of experimental data by Eq. (2) for LEC-based DESs in the temperature range 
293.15-363.15 K. 

DES c / kg·m-3·K-1 α·10-4/ K-1 MRPD, % R2 

LEC:G 7.38 6 0.05 0.999 
LEC:TEAO 7.33 3 0.16 0.996 
LEC:OLA 7.42 6 0.05 0.999 

 

Molar volumes (Vm), lattice energies (Upot), and heat capacities (Cp) for the LEC-based DESs at 313.15 K were 

calculated using the well-known equations [25,35] and presented in Table 3. The molecular size of OLA induced the 

highest value of the molar volume of the LEC:OLA DES, which also resulted in its highest heat capacity among all 

prepared DESs. The liquid state of DESs at lower temperatures can be explained by the lattice energy values similar to 

those reported for molten salts [36]. 
 

Table 3. Calculated values of Vm, Upot, and Cp for the LEC-based DESs at 313.15 K 

DES Vm / nm3 Upot / kJ·mol-1 Cp / J·mol-1K-1 

LEC:G 0.390 1178 450 
LEC:TEAO 0.424 1141 485 
LEC:OLA 0.528 1048 593 

3. 1. 2. Refractive index  

The refractive index is correlated with temperature as shown in Figure 2, while the experimental refractive index 

values are given in Tables A1-A3 in the Supplementary material. The refractive indices of the tested LEC-based DESs 

linearly decreased with temperature due to the reduction in density. This decrease strongly depends on the structure 

and nature of the constitutional components combined with LEC. The refractive index values for the investigated 

temperature range lie within 1.4305–1.4853, with the LEC:OLA DES having the lowest refractive index. At 313.15 K, 

these values are in the following order: LEC:OLA < LEC:G < LEC:TEOA and are higher than those reported for N,N-di-

ethylethanolammonium chloride:G [29], and ChCl:G (1:2) [32] DESs. At the same time, they are close to those reported 

for tetrapropylammonium bromide:G (1:2) [30] and ChCl:G (1:2) [27] DESs.  
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Figure 2. Refractive indices (nD) of the LEC-based DESs as functions of temperature: LEC:G –  (STD ≤ 0.05 %),  
LEC:TEOA –  (STD ≤ 0.07 %), and LEC:OLA –  (STD ≤ 0.11 %). 
 

Refractive index is a property beneficial for many applications, such as identification of individual substances and 

determination of their concentrations in mixtures, verification of the substance purity, etc. [37]. The determined 

parameters of linear dependences, refractive index ranges, MRPD, and R2 are listed in Table 4. 
 

Table 4. Parameters obtained by the best linear fits of nD as a function of temperature in the range 293.15-363.15 K for the LEC-
based DESs  

DES nD range Intercept Slope MRPD, % R2 

LEC:G 1.4628-1.4703 1.5031 -0.0001 1.98 0.997 
LEC:TEAO 1.4601-1.4853 1.591 -0.0004 0.80 0.993 
LEC:OLA 1.4305-1.4651 1.61 -0.0005 0.13 0.997 

 

Values of the phase velocity (υ), molar refractivity (A), and the free volume (fm), calculated using the well-known 

equations, are listed in Table 5 [38,39]. The lowest LEC:OLA DES refraction index values are explained by the lowest 

phase velocity values. The molar refractivity is mainly affected by the molar mass, while it is only weakly affected by 

temperature [39]. Also, the influence of density and refraction index is only minor [39]. Heating causes an increase in 

the free volume of DESs [39]. The highest free volume values determined for the LEC:OLA DES can be explained by the 

longest alkyl chain of OLA [39]. 
 

Table 5. The υ, A, and fm ranges determined for the LEC-based DESs in the temperature range 293.15-363.15 K. 

DES υ / 107 m∙s-1 A / 10-6 m3∙mol-1 fm / 10-6 m3∙mol-1 

LEC:G 20.40-20.51 64.86-66.78 167.48-175.77 
LEC:TEAO 20.20-20.55 84.76-86.94 180.97-188.60 
LEC:OLA 20.48-20.97 71.16-72.76 227.48-242.88 

3. 1. 3. Viscosity 

Knowing viscosity of solvents is of great importance for their further applications in technological processes. High 

viscosity of DESs poses a significant problem due to reduction of the mass transfer rate, which can be overcome by 

heating or modifying molar ratios of the DES components [26]. The viscosity values obtained in the present work were 

correlated with temperature by both the Arrhenius (Eq. 3) [25] and Vogel-Tamman-Fulcher (VTF) (Eq. 4) [40] equations 

(Fig. 3). The experimental viscosity values are presented in Tables D1–D3 of the Supplementary material. Evidently, the 

viscosity decreases with the temperature increase, probably due to breaking the hydrogen bonds in DESs. For the 

investigated temperature range, the viscosity values of the tested DESs lie within the range of 0.588-22.369 Pa·s. At 

temperatures up to 283.15 K, the LEC:G DES is solid. The viscosity values of the LEC-based DESs at 313.15 K are in the 

following order: LEC:OLE < LEC:TEOA < LEC:G. 
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 T-1 / 10-4 K-1 (T-T0)-1 / 10-3 K-1 

Figure 3. Logarithmic dependences of viscosity (η) of the LEC-based DESs on temperature and application of: a) Arrhenius equation; 
b) VTF equation (LEC:G –  (STD ≤ 0.03), LEC:TEOA –  (STD ≤ 0.02) and LEC:OLA – (STD ≤ 0.03)) 

 

As expected, the LEC-based DESs are highly viscous at lower temperatures. Due to heating, the constituents move faster, 

thus reducing the viscosity value [26]. To eliminate the negative viscosity effect on the technological process, these DESs 

should be used at temperatures higher than 313.15 K. The LEC:G DES exhibits higher viscosity than the N,N-diethylethano-

lammonium chloride:G (1:2) [29], tetrapropylammonium bromide:G (1:3) [30] and ChCl:G (1:2) [27,31,32] DESs.  

In the Arrhenius equation (3): 

ln η = ln Aη + (Eη/RT) (3) 

η, T, Eη, Aη, and R represent the viscosity, the absolute temperature, the activation energy for the viscous flow, the pre-

exponential constant, and the universal gas constant, respectively; values of these parameters are shown in Table 6. 
 

Table 6. Parameters of the Arrhenius-type equation for the LEC-based DESs in the temperature range 293.15-363.15 K. 

DES Viscosity range, Pa·s 
Arrhenius equation  

(η / Pa·s; T / K) 
Aη / µPa s Eη / J·mol-1 MRPD, % R2 

LEC:G 0.588-11.457 ln η = 6891.8T-1-19.5 0.180 57298 10.32 0.997 
LEC:TEAO 0.702-22.369 ln η = 5523.1T-1-15.5 0.004 45919 11.22 0.990 
LEC:OLA 0.711-20.610 ln η = 5308.0T-1-15.0 0.305 44131 12.71 0.993 
 

The VTF equation (4) is expressed as: 

0

0

exp
B

T T


 =

−
 (4) 

The values of T0 (so-called ideal glass-transition temperature), η0 (adjustable parameter), and Bη (factor related to 

the activation energy) are listed in Table 7.  
 

Table 7. Parameters of the VTF equation for the LEC-based DESs in the temperature range 293.15-363.15 K. 

DES VTF equation (η / Pa·s; T / K) η₀ / Pa s Bη / K T₀ / K MRPD, % R2 

LEC:G ln η=3118.4(T-T₀)-1-12.88 2.528·10-6 3118 110 8.01 0.998 
LEC:TEAO ln η=5489(T-T₀)-1-15.47 1.899·10-7 5489 1 11.35 0.990 
LEC:OLA ln η=5210.4(T-T₀)-1-14.85 3.543·10-7 5210 3 12.67 0.993 

To get more information about DESs viscous flow, the equation (5) is used [25]: 
* *

A

ln
V H S

hN RT R

  
= −  (5) 

where V - the molar volume of DES (the ratio of average MDES and density of the DES at desired temperature), NA - the 

Avogadro's number; h - the Planck's constant; ΔH* -viscous flow activation enthalpy; R - universal gas constant;  

ΔS* - activation entropy of viscous flow. The plots of ln (ηV/hNA) vs. the inverse temperature are shown in Figure 4, while 

the values of R2, ΔH*, TΔS*, and ΔG* for the LEC-based DESs at 313.15 K are listed in Table 8. The DESs values of the viscous 
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flow activation enthalpy were greater than the TΔS* values. These facts indicate that the energetic contribution due to the 

viscous flow activation enthalpy is more significant than the entropic input to the activation Gibbs energy.  
 

 
Figure 4. The plot of ln (ηV/hNA) vs. inverse temperature for LEC-based DESs: experimental data (LEC:G –  (STD ≤ 0.3),  
LEC:TEOA –  (STD ≤ 0.5) and LEC:OLA –  (STD ≤ 0.9)) and the best linear fits (lines) 

 

Table 8. Values of R2, ΔH*, TΔS*, and ΔG* determined for the LEC-based DESs at 313.15 K 

DES Eyring’s equation (T / K) R2 ΔH* / kJ·mol-1 TΔS* / kJ·mol-1 ΔG* / kJ·mol-1 

LEC:G ln (ηVm/hNᴀ) = 6821.4T-1 - 4.9 0.997 56.7 -12.9 43.8 
LEC:TEAO ln (ηVm/hNᴀ) = 5487.2T-1 - 0.9 0.990 45.6 -2.4 43.2 
LEC:OLA ln (ηVm/hNᴀ) = 5245.4T-1 - 0.2 0.993 43.6 -0.5 43.1 

3. 1. 4. FTIR spectra 

The FTIR spectra of LEC and the investigated DESs are shown in Figure 5.  
 

 
 Wavenumber, cm-1 Wavenumber, cm-1 
Figure 5. FTIR spectra of the LEC and the investigated LEC-based DESs (25 oC, 400-4000 cm-1) 
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The spectra of the DESs show an intensive broadband at 3200-3500 cm-1 due to stretching ν(OH) vibrations. The 

shape and position suggest the existence of hydrogen bonds. This band is intensive in the spectra of all starting 

components of DESs except for the OLE spectrum since the long carbon chain does not allow the formation of 

intramolecular hydrogen bonds. The amine vibrations present in the spectrum of TEOA are covered by the stretching 

vibrations of hydroxyl groups [41]. The FTIR spectra of the DESs and their constituents [41] show stretching ν(C-H) 

vibrations at 2800-3000 cm-1. The intensive band at 1712 to 1773 cm-1 in the spectra of all DESs originates from the 

stretching ν(C=O) vibrations characteristic for the spectrum of LEC. The bending δ(OH) vibrations at 1660-1647 cm-1 in 

the spectra of the LEC:G and LEC:TEOA DESs overlap the bending δ(NH3
+) vibration at 1660 cm-1 in the spectrum of TEOA. 

Bending δ(C-H) vibrations at 1376 to 1474 cm-1 are present in all spectra. Bands originating from the stretching ν(C-O) 

vibrations are present in all spectra at 1170 to 1287 cm-1. The bands arising from the POC and PO2 groups in LEC overlap 

in the spectrum of LEC and are visible in all spectra of the DESs at 1060 to 1099 cm-1. The FTIR analysis shows the 

presence of characteristic functional groups of LEC-based DESs constituents, proving that the preparation of DESs does 

not lead to their chemical changes. Also, the FTIR analysis shows the presence of hydrogen bonds created in the 

investigated DESs.  

3. 2. CaO-catalyzed ethanolysis of BMSO 

Figure 6 presents FAEE contents during the CaO-catalyzed BMSO ethanolysis in the presence of DESs or each 

component, compared to the control reaction in the absence of any cosolvent. BMSO and ethanol did not react in the 

absence of CaO catalyst, indicating that the tested DESs did not exhibit catalytic activity. The CaO-catalyzed ethanolysis 

of BMSO without any cosolvents provides a three-phase system, so the sigmoidal dependence of the FAEE content with 

time is typical due to the mass transfer limitations and the slow TAG conversion at the start of the reaction [4,42,43].   

 

 
Figure 6. Effects of the LEC- and ChCl-based DESs or their constituents on the FAEE content during the ethanolysis of BMSO catalyzed 
by non-calcined (open symbols) or calcined (filled symbols) CaO (reaction conditions: temperature 70 °C, ethanol-to-oil molar ratio 
12:1, the amounts of DES and CaO to BMSO: 20 and 10 wt.%; average STD ≤ 1.56 (left) and 1.41 (right)) 

 

Calcined CaO has shown a more intensive catalytic activity as compared to the non-calcined CaO due to the removal 

of CO2 and H2O from the catalyst particles in the former case by calcination as these components are considered 

poisonous to the catalyst active sites. As a result, the FAEE content in the presence of calcined CaO rose to 96.2±1.2 % 

within 4 h; further prolongation of the reaction resulted in a negligible increase in the FAEE content. On the contrary, in 

the presence of non-calcined CaO, high FAEE content was not achieved even after 6 h of the reaction. 

The LEC:G and ChCl:G DESs accelerated the BMSO ethanolysis over both catalysts. A more positive influence of the 

hydrophobic LEC:G DES on the calcined CaO-catalyzed reaction was observed after only 15 min reaching the FAEE 
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content of 82.7±1.8 %, as compared to that reported for the hydrophilic ChCl:G DES (42.8±4.5 %) [4]. However, the 

efficiency of these DESs was similar after 45 min, with FAEE contents of 93.3±0.9 and 95.1±2.5 % for the system 

containing the LEC:G and ChCl:G DES, respectively. Maximal FAEE contents of 97.6±0.6 and 97.4±1.2 % for the LEC:G 

and ChCl:G DES, respectively, were achieved after 90 min. Further prolongation of the reaction resulted in a negligible 

increase in the FAEE content (97.9±1.5 and 98.1±0.7 %, respectively, after 3 h).  

In the reaction catalyzed by non-calcined CaO, the presence of the LEC:G and ChCl:G DESs as cosolvents provided 

FAEE contents of 96.0±1.1 and 98.1 % after 3 h, respectively. On the other hand, LEC, ChCl, and G were less efficient 

cosolvents used with the same catalyst, resulting in FAEE contents of 84.32±1.7, 81.09±0.8, and 26.0±3.1 %, respectively, 

for the same duration of the transesterification.  

Positive effects of the ChCl:G DES as a cosolvent in CaO-catalyzed transesterification of vegetable oils have already 

been reported [4,44]. The results obtained in the present study indicate that the LEC:G DES can successfully activate 

CaO, providing a more cost-effective procedure than thermal activation.  

3. 3. Separation of FAEEs 

Addition of the LEC- or ChCl-based DESs in the BMSO ethanolysis accelerated the phase separation of the final 

reaction mixture (30 min) as compared to the control reaction in the absence of any cosolvent (more than 12 h). Also, 

the presence of these DESs in reaction systems may cause the reduction of soap formation, as noticed for the ethanolysis 

of other oily feedstocks [4,45,46]. However, the systems containing CaO without and with LEC, ChCl, or G remained very 

viscous and separated much slower. 

3. 4. XRD of the used CaO catalyst 

Figures 7-9 show XRD spectra of the initial and used non-calcined and calcined CaO samples separated from the final 

reaction mixtures of the BMSO ethanolysis conducted in the presence of the LEC:G and ChCl:G DESs or their constituents 

(LEC, ChCl, and G). 
 

 
Figure 7. XRD patters of the fresh non-calcined (a) and calcined (b) CaO samples and the used non-calcined (c) and calcined (d) CaO 
pastes recovered from the reaction mixture after 6 h ( - CaO,  - Ca(OH)2,  - CaCO3,  - CaDG (calcium diglyceroxide)). 
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Figure 8. XRD patters of the used non-calcined (a,c) and calcined (b,d) CaO samples taken after 6 h from the ethanolysis reaction 
carried out in the presence of LEC:G (a,b) and ChCl:G (c,d) DESs ( - CaO,  - Ca(OH)2,  - CaCO3) 

 

 
Figure 9. XRD patterns of the used non-calcined (a,c,e) and calcined (b,d,f) CaO samples taken after 6 h from the ethanolysis 
reaction carried out in the presence of LEC (a,b), ChCl (c,d) or G (e,f) ( - CaO,  - Ca(OH)2,  - CaCO3) 
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The XRD analysis of the non-calcined CaO sample revealed the peaks attributed to the CaO phase (2  = 32.22 (32.4), 

37.36 (37.55), 53.86 (54.05), 64.16 (64.35), and 67.38 (67.55)°, JCPDS Card 43-1001), Ca(OH)2 phase (2  = 18.15 (17.98), 

34.25 (34.1), 47.3 (47.18), 51, 62.75 and 64.35°, JCPDS Card 84-1263), and CaCO3 phase (2  = 29.5 and 43.14°, JCPDS 

Card 81-2027). The presence of the CaCO3 and Ca(OH)2 peaks was attributed to the sensitivity of CaO towards 

atmospheric moisture and CO2. 

The fresh calcined CaO sample appeared as an almost single well-crystallized CaO phase with minor peaks 

characteristic for the Ca(OH)2 phase (2 = 18.15 (17.98), 34.25 (34.1), 47.3 (47.18), 51, 62.75 and 64.35°), and CaCO3 

phase (2 = 29.5 and 43.14°), confirming the CaO activation by calcination. 

There were apparent changes in the XRD patterns of calcined and non-calcined CaO used in the BMSO ethanolysis 

without or with cosolvents. However, a major difference was due to the absence of the CaO phase, which was converted 

into Ca(OH)2 and CaCO3 during the hydration and carbonation processes during the collection step [4, 47]. 

The calcined CaO sample collected from the reactions carried out in the absence of any cosolvent revealed the presence 

of calcium diglyceroxide (2 = 8.5 (8.2), 10.4 (10.2), 21.3 (21.2), 24.4, 26.6, 34.4, and 36.2°, PDF#21-1544) along with 

Ca(OH)2 (2  = 17.94 (17.98), 28.7 (28.72), 34.08 (34.12), 47.16 (47.18), 50.8 (50.84), 54.54, 59.4, and 62.62 (62.64)°), and 

CaCO3 (2  = 29.4 (28.8)°). The XRD spectrum indicated transformation of the majority of the CaO catalyst into calcium 

diglyceroxide with the by-produced G in the successful CaO-catalyzed transesterification, CaO particles are transformed 

into Ca(OH)2 in the initial stage. In contrast, in the last stage, these particles become calcium-diglyceroxide [48,49]. 

Although these phases are also seen in the XRD spectra of the used non-calcined CaO catalyst, the presence of the 

amorphous phase (a broad peak with a maximum at about 2  = 20°) was also observed. This peak could originate from 

calcium ethoxide (produced in the catalyst preparation step when the calcined CaO/ethanol mixture was stirred at 70 °C 

for 30 min) or be attributed to the deposition of organic molecules on the surface of the used CaO catalyst [47]. 

In the XRD spectra of non-calcined and calcined CaO used in the reaction with the addition of different DESs or their 

constituents, the presence of Ca(OH)2 and CaCO3 phases was evident, while calcium diglyceroxide was not identified. 

Furthermore, the peak at about 2 = 20.5° was more pronounced in the catalytic systems with the constituents of the 

DESs, suggesting that the synthesized amount of calcium diglyceroxide was quite low and insufficient for detection by 

the XRD apparatus. 

It should be noted that the absence of peaks characteristic for calcium diglyceroxide could be explained by its low 

amount (i.e., insufficient to surpass the XRD apparatus limit detection), easy dissolution [50], and instability, causing 

calcium leaching into the reaction medium [49]. Solubilization of calcium diglyceroxide in alcohol might also produce a 

soluble precursor, which could be later transformed into the final solid base catalyst [51]. Moreover, amorphization of 

calcium ethoxide during the catalyst drying [52] would result in the presence of only Ca(OH)2 and CaCO3 phases in the 

XRD spectra. Amorphisation was also reported after the reactions in which other calcium-based catalysts prepared by 

calcination of animal waste were used [53]. 

4. CONCLUSION 

Three novel DESs were prepared by combining LEC with G, TEOA, or OLE in 1:2 molar ratio. Densities, viscosities, and 

refractive indices of the tested DESs decreased with the increase in temperature applied in the range 293.15-363.15 K 

at the atmospheric pressure relevant for practical applications. All tested LEC-based DESs are liquid at 313.15 K. The 

FTIR spectra of LEC and investigated LEC-based DESs indicated absence of chemical reactions during the DES 

preparation. The LEC:G and ChCl:G DESs were further used for ethanolysis of cold-pressed BMSO catalyzed by non-

calcined or calcined CaO. Both DESs were shown to successfully activate the non-calcined CaO catalyst providing the 

FAEE contents of over 96.5 % after 3 h. However, in the presence of these DESs in the reaction catalyzed by calcined 

CaO, the FAEE contents above 96.5 % were obtained after 90 min. The hydrophobic LEC:G DES proved to be a more 

successful cosolvent than the hydrophilic ChCl:G prepared in the same molar ratio (1:2) at the beginning of the reaction, 

while after 45 min of the reaction, their efficiencies were similar. Both DESs accelerated separation of the esters from 

the final reaction mixture. This study proved that DESs composed of natural, safe, cheap, available, biodegradable and 

environmental-friendly compounds may serve as efficient cosolvents and/or activators of heterogeneous alkaline 
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catalyst for transesterification reaction. Thus, further investigation should be focused on improving the reaction by using 

other non-edible or waste oils and fats, additionally reducing the cost of the process and enabling successful 

industrialization of biodiesel production. 
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(Naučni rad) 

Izvod 

Zbog različitih strukturnih varijacija i mogućnosti prilagođavanja njihovih fizičkohemijskih svojstava, 

eutektički rastvarači se nazivaju ,,dizajnerski rastvarači”. Za industrijsku primenu eutektičkih rastvarača, 

važno je poznavati njihova fizička i termodinamička svojstva poput gustine, viskoziteta i indeksa 

prelamanja. Ova svojstva su merena u funkciji temperature za tri eutektička rastvarača lecitina sa 

glicerolom, trietanolaminom i oleinskom kiselinom. Za opisivanje viskoziteta primenjene su Arenijusova 

i jednačina Vogela, Tamana i Fulčera (Vogel-Tamman-Fulcher). Gustina, viskozitet i indeks prelamanja 

testiranih eutektičkih rastvarača opadali su sa porastom temperature. Eutektički rastvarač 

lecitin:glicerol (LEC:G) je imao najmanju gustinu na svim testiranim temperaturama. Na kraju, eutektički 

rastvarač LEC:G je izabran kao kosolvent u etanolizi hladno ceđenog ulja semena crne slačice (Brassica 

nigra L.) katalizovanoj žarenim ili nežarenim CaO. Reakcija je izvedena u šaržnom reaktoru uz stalno 

mešanje i pri sledećim reakcionim uslovima: temperatura 70 °C, molski odnos etanol-ulje 12:1, 

koncentracija eutektičkog rastvarača 20 mas. % (u odnosu na masu ulja) i koncentracija CaO 10 mas. % 

(u odnosu na masu ulja). Prisustvo eutektičkog rastvarača ubrzalo je reakciju i separaciju faza finalne 

reakcione smeše.. 
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kiselina; eutektički rastvarači 

Na temu

https://doi.org/10.2298/ciceq160106003v
https://doi.org/10.1021/ie401292w
https://doi.org/10.1063/1.4985531
https://doi.org/10.1088/1757-899X/206/1/012023
https://doi.org/10.1016/j.renene.2020.06.045
https://doi.org/10.1021/acsomega.9b04431
https://doi.org/10.1007/s11144-020-01791-y
https://doi.org/10.1007/s11144-020-01791-y
https://doi.org/10.1016/j.fuel.2014.08.006
https://doi.org/10.1016/j.apcata.2010.09.029
https://doi.org/10.1021/acs.langmuir.6b01065
https://doi.org/10.1007/s12649-019-00903-7
https://doi.org/10.1007/s12649-019-00903-7




 69 

Adsorptive pretreatment of waste cooking oil using quicklime for fatty 
acid methyl esters synthesis 

Ivana Lukić1, Željka Kesić1, Miodrag Zdujić2 and Dejan Skala1 

1University of Belgrade, Faculty of Technology and Metallurgy, Karnegijeva 4, 11000 Belgrade, Serbia 
2Institute of Technical Sciences of the Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia 

 

Abstract 

Synthesis of biodiesel from various plant oils is realized by the transesterification of 
triglycerides with methanol or by a reaction usually defined as methanolysis. The usage of 
low-quality oils, such as waste cooking oil (WCO), is followed by undesirable side reactions 
as a result of the increased content of free fatty acids (FFA), and water. The presence of FFA 
in WCO usually requires a pretreatment stage before subjecting it to methanolysis. In the 
present work, heterogeneously catalyzed methanolysis of WCO with and without 
pretreatment was investigated. Removal of FFA from WCO was conducted by using only 
quicklime or with the addition of a small amount of methanol (FFA to methanol = 1:3 molar 
ratio). The obtained results showed that pretreatment of WCO with quicklime at 30 °C after 
1 h reduces the FFA content by 72 %, while the adsorption capacity was determined to be 
910 mg g-1. The adsorptive pretreatment, as a simple operation, using low-cost quicklime 
under mild conditions, had a positive effect on the transesterification rate with CaO∙ZnO as 
a catalyst, enabling the achievement of over 96 % of biodiesel yield in only 15 min, compared 
to 1 h without the pretreatment. Furthermore, pretreated WCO allows an increase in 
repeated catalyst use and overall savings in the necessary amount of catalyst. The present 
study showed that quicklime is an economic, environmental-friendly, and sustainable 
material for FFA removal from WCO.  

Keywords: biodiesel; adsorption; CaO∙ZnO; methanolysis.
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1. INTRODUCTION  

Biodiesel, a mixture of fatty acid methyl esters (FAME), has gained significant attention over the past couple of 

decades due to its environmental benefits, such as nontoxicity and biodegradability, and the fact that it is made from 

renewable resources. The current commercial use of refined vegetable oils for biodiesel production receives harsh 

criticism, primarily due to the use of oils, which are human nutrition sources. Besides, the high cost of biodiesel is the 

major limiting factor against large-scale biodiesel production and its commercialization, while the raw material cost 

typically contributes about 70−80 % of the total cost of biodiesel production [1,2].  

Therefore, researchers have focused on other alternative sources of triglycerides (TG), such as non-edible oils or 

waste cooking oils (WCO), as feedstock for biodiesel production. Although the use of non-edible crops resolves the fuel 

vs. food debate, it is being discouraged because economic yields of non-edible crops can be only achieved by using 

arable land and appropriate agricultural practices. The mentioned shortcomings highlight waste resources as the most 

promising feedstock for biodiesel production. Besides, using WCO as a feedstock also resolves the issue of waste oil 

disposal, which is otherwise often inappropriate and could cause severe environmental challenges. However, the 

synthesis of biodiesel from these low-quality oils is challenging due to undesirable side reactions because of the 

presence of free fatty acids (FFA), water, and solid particles. Solid particles and other impurities could be removed by 

filtration, centrifugation, or washed away with hot water [2]. To remove water from the oil, it can be heated to above 

100 °C [3] or dried with silica gel, magnesium sulphate, or calcium chloride [2,4]. The presence of high FFA contents in 
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the oil can cause undesirable soap formation when homogeneous base catalysts are used for transesterification, which 

reduces the FAME yield, causes catalyst loss, and complicates phase separation. Acid catalysts are insensitive to FFA, 

but the process is much slower compared to the alkali-catalyzed transesterification.  

To solve this problem, a two-step transesterification method was proposed. In the first step, pretreatment of WCO 

is performed to reduce the FFA content, while in the second, WCO is subjected to the transesterification process. 

Different methods for WCO pretreatment were proposed, including esterification, neutralization, adsorption, and 

distillation. Esterification of FFA with methanol produces FAME and usually is performed in the presence of an acid 

catalyst such as H2SO4 [5] or a solid acid catalyst [6,7]. The lack of this process is the catalyst removal in both stages – 

esterification and later transesterification. FFA can be removed by neutralization using alkali (KOH or NaOH) as soaps, 

which can be separated by decantation [8]. Distillation as a method for FFA removal requires more severe conditions, 

such as higher temperature and pressure, and consumes a large amount of energy [8].  

Among all techniques, the adsorption process appears to be the best choice, as a simple, efficient, environmentally 

friendly, and low-energy method for the removal of FFA from waste vegetable oil [2]. Furthermore, the adsorption 

process reduces WCO losses and soap formation, enabling also, simple separation of solid phase and treated WCO by 

filtration [9]. Different materials have been used as adsorbents for the FFA removal, such as clays (montmorillonite, 

kaolinite and bentonite) [10-13], ion-exchange resins [14-16], zeolite [17], Ca(OH)2 nanoplates supported on activated 

carbon [18], K2O/dolomite [19], charcoal from Pongamia Pinnata shells [20], Fe3O4 [21], Mg- and Na-silicate from rice 

hull ash and rice husk [22-26], nanoTiO2/chitosan nanocomposite fibers [27] or nickel ferrite [28]. 

Many of these studies relate to the FFA removal from virgin oils or isooctane to which pure acids have been added 

as model compounds [11-17]. WCO is a more complex mixture, since it is formed during the usage of virgin vegetable 

oils for high-temperature cooking, which leads also to the formation of other unwanted compounds that can affect the 

FFA removal by their interaction with the adsorbent. Some of the applied adsorbents were obtained by complicated 

and/or expensive procedures [18,27,28], while others showed relatively low capacity, from 18 to 650 mg g-1 [10–12,14–

17,20,23]. Pereira et al. reported high values of adsorption capacity (2750–7000 mg g-1) for Ca(OH)2 nanoplates 

supported on activated carbon as adsorbents [18]. However, synthesis of this adsorbent was energy and time-

consuming, including pyrolysis of palm endocarp at 700 °C and subsequent activation in a CO2 atmosphere at 825 °C to 

obtain activated carbon, followed by impregnation with Ca(OH)2 nanoparticles prepared from calcium chloride 

dihydrate and ethylene glycol [18]. On the other hand, quicklime used in the present study is a cheap, natural and easily 

available material. It can be used as an adsorbent, as received, without any preparation, including thermal activation, 

and thus it is economic, environmental-friendly, and sustainable material for FFA removal.  

In this study, two different routes of FAME synthesis from WCO were proposed, investigated, and compared. The 

first route was simple one-step WCO methanolysis at 60 °C using CaO∙ZnO as a solid catalyst [29,30]. The effect of 

catalyst amount, stirring speed, and methanol to oil molar ratio on the rate of methanolysis was analyzed. The second 

route was based on a two-step scheme where the first step involved the pretreatment of WCO in order to remove FFA 

by adsorption onto quicklime or by esterification in the presence of a small amount of methanol catalyzed by quicklime. 

The first step was analyzed with the goal to define the optimal adsorption temperature, adsorbent particle size, and 

calcination procedure, as well as the necessary amount of quicklime to be used. The efficiency of quicklime in the FFA 

removal from the WCO was also determined. It should be noted, that application of quicklime as an adsorbent for FFA 

removal from WCO was not yet described in literature. In this study, the best WCO pretreatment conditions were 

determined, and then, the pretreated WCO was used in the second step of FAME synthesis using CaO∙ZnO as a 

heterogeneous catalyst. The possibility to reuse the catalyst in methanolysis of WCO with and without pretreatment 

was also investigated. To the best of our knowledge, a two-step process of FAME synthesis using adsorption with 

quicklime as an adsorbent in the first step and followed by heterogeneously catalyzed methanolysis in the second has 

not been published in the literature so far. 
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2. EXPERIMENTAL 

2. 1. Materials  

Quicklime, obtained from the local market in the southern part of Serbia, was a donation by colleagues from 

Leskovac [31]. CaO∙ZnO catalyst was obtained by mechanochemical treatment of CaO (obtained by calcination of 

quicklime) and ZnO (Kemika, Zagreb, Croatia) in the molar ratio of 1:2 with stoichiometrically required addition of water 

in the planetary ball mill Fritsch Pulverisette 5 (Fritsch, Germany), as previously described [29,30]. The 

mechanochemically prepared precursor was calcined at 700 °C for 3 h in air atmosphere in the furnace Instrumentaria 

LP-07 (Zagreb, Croatia). The WCO was collected from restaurants in Belgrade, Serbia and methanol (99.5 % purity) was 

purchased from Fluka, Switzerland. The physical and chemical properties of WCO [29] are listed in Table 1.  
 
Table 1. Physical and chemical properties of WCO [29] 

Property Content, wt.% 
Water  0.07 

FFA 1.27 
Monoglycerides 2.00 

Diglycerides 0.10 

Myristic, C 14:0 0.98 
Palmitic, C 16:0  26.84 

Stearic, C 18:0  4.58 

Oleic, C 18:1  16.54 
Linoleic, C 18:2 43.22 

Acid value, mg KOH g-1 2.54 

Density, kg m-3 922.2 
Viscosity, mPa s 90.33 

2. 2. Methanolysis reaction 

Methanolysis of the WCO was performed at 60 °C in a 250 cm3 three-necked thermostated glass flask with a 

condenser and magnetic stirrer and the effects of mixing intensity (300 and 1000 rpm), the mass percentage of catalyst 

(2 and 1 wt.%) or the molar ratio of reactants (6:1 and 10:1) on the rate of methanolysis were analyzed. The samples 

were taken out from the reactor at different reaction times at intervals of 15 min for 6 h. The beginning of methanolysis 

(t = 0) was defined as the time point when the reaction temperature was reached.  The samples were analyzed after 

filtration by gas chromatography (Varian 3400, Varian, Ireland) with a FID detector, on-column injector and a MET-

Biodiesel capillary GC column (14 m  0.53 mm, film thickness 0.16 μm) [29,30,32]. The schematic diagram of the one 

and two-step transesterification routes is presented in Figure 1.  

 
Figure 1. Process diagram of one and two-step transesterification processes applied in the study 
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2. 3. Pretreatment of WCO 

The pretreatment of WCO was performed in a thermostated three-necked glass flask with a magnetic stirrer. When 

quicklime as an adsorbent was used to remove FFA, the WCO and a defined amount of quicklime were placed in the 

flask and mixed for 1 h at the preset temperature. The influence of quicklime calcination, amount, particle size, and 

pretreatment temperature on the efficiency of FFA removal was tested. In order to remove FFA by esterification, 

quicklime and a small amount of methanol (FFA to methanol = 1 : 3 molar ratio) and WCO were placed in the flask and 

mixed for 1 h at the desired temperature. Analysis of adsorption kinetics was performed under the condition determined 

as optimal (uncalcined quicklime, 30 °C, d < 0.2 mm, 1 wt.%). The samples were taken out from the flask at different 

times, and after filtration, analyzed by volumetric titration to determine FFA content. 

2. 4. Acid number determination 

Volumetric titration was applied to determine the acid value of oil [16]. The sample of WCO was dissolved in a 

mixture of toluene (≥99.7 % purity, VWR Chemicals, Austria) and isopropanol (≥99.8 % purity, Sigma-Aldrich, Germany). 

and phenolphthalein was added as an indicator. The prepared solution of WCO sample was titrated with potassium 

hydroxide solution and acid value was expressed as mg KOH g-1 of sample, required to titrate the sample to a specified 

endpoint. The acid value was calculated by using the following equation: 

( )
56.1

AN A B C
W

= −  (1) 

where: AN is the acid number, A is the volume of KOH used to reach the endpoint (cm3); B is the volume of KOH used 

for titration of the mixture without WCO or the so-called blank test (cm3); C is the concentration of KOH (mol dm3), and 

W is the mass of WCO sample (g). All the experiments and titrations were repeated three times and mean values were 

used. The experimental errors were less than ±2 %. 

The FFA removal efficiency (XFFA) was defined as the fraction of the FFA removed and determined from the acid value 

ratio: 
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100
AN AN
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−
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where AN0 is the acid value of the WCO at the beginning and ANt is the acid value of the oil at the end of treatment 

(after 1 h).  

2. 5. Adsorption kinetics 

Among a number of kinetic models that have been proposed for the adsorption process, pseudo-first and second-

order models are the most widely used because they are simple to describe the adsorption kinetics and the adsorbent-

adsorbate interactions [14,29-31]. In the present study, these two models were used to describe the FFA adsorption on 

quicklime as the adsorbent. The correlated kinetic parameters were also obtained by the least square fitting method of 

the adsorption model with experimental adsorption data. 

2. 5. 1. Pseudo-first order model 

The pseudo-first order model [14,33,34] is proposed based on the assumption that the adsorption rate is 

proportional to the number of vacant adsorption sites. The adsorption rate can be expressed as: 

( )1 e

d

d
t

q
k q q

t
= −   (3) 

where, qe and qt are the adsorption capacities at equilibrium and a given time, respectively, k1 is the pseudo-first order 

kinetic constant.  

The linear form of the Lagergren pseudo- first order equation can be written as [14]: 

( ) 1

e e
og log
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k t
q q q− = −  (4) 
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The qe and k1 were determined from the intercept and slope of the best linear fit of the plot  log (qe-qt) vs. time. The 

pseudo-first order model represents the reversible interaction between the adsorbent and adsorbate, which is suitable 

to predict the adsorption behavior of physical adsorbents [34]. 

2. 5. 2. Pseudo-second order model 

The pseudo-second order model is based on the assumption that the adsorption rate is proportional to the square 

of the number of vacant adsorption sites [34]. This model can be written as follows: 

( )
2

2 e

d

d
t

q
k q q

t
= −  (5) 

where k2 is the pseudo-second order rate constant. The linear form of second order equation is: 

e2

2
e

1

t

t t

q qk q
= +  (6) 

The parameters qe and k2 were determined from the intercept and slope of the least square linear fit of the plot t/qe 

vs. time. The pseudo-second order model assumes that the interaction between the adsorbent and adsorbate is caused 

by the strong binding of adsorbate to the adsorbent surface, which is suitable to predict adsorption behavior which 

involves chemical interactions [35]. 

The significance of both kinetic models was statistically evaluated using the mean relative percent deviation (MRPD) 

between the experimentally determined and predicted values of qe: 

,mod ,exp

1 ,exp

100
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n
e e

e

q q

n q

−
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where qe,mod and qe,exp are predicted and experimental values, of qe, respectively, and n is the number of experimental 

points. 

2. 5. 3. Adsorption capacity 

Experimental adsorption capacity of quicklime, q, was calculated by using equation [20]: 

( )0

ads

t
C C V

q
m

−
=   (8) 

where mads is the mass of the adsorbent, V is the volume of the solution, and C0 and Ct are the initial and the adsorbate 

concentration in the solution at time t, respectively.  

2. 6. FTIR analysis 

Fourier-transform infrared (FTIR) spectra were recorded by using a BOMEM (Hartmann & Braun, Australia) 

spectrometer. Measurements were conducted in the wave number range of 4000–400 cm–1, with 4 cm–1 resolution. 

2. 7. XRD analysis 

The phase composition was determined by the X-ray diffraction analysis (Cu Kα radiation, λ = 0.15418 nm, in the 

range of 2 = 10–80°, step-length: 2 = 0.01° scan time: 5 s) by using D/MAX–RB powder X-ray diffractometer (Rigaku 

Corporation, Japan). 

2. 8. ICP analysis 

The content of calcium leached in the oil during the pretreatment with CaO, and in biodiesel during the methanolysis 

with the CaO·ZnO catalyst was determined by inductively coupled plasma optical emission spectrometry, ICP-OES (iCAP 

6500 Duo ICP, Thermo Fisher Scientific, Cambridge, United Kingdom). For this analysis, the samples were prepared by 

microwave digestion in an Advanced Microwave Digestion System (Ethos 1, Milestone, Italy) using a HPR-1000/10S high-

pressure segmented rotor. The external calibration solutions were made from the certified plasma standard solution: 
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Multi-Element Plasma Standard Solution 4, Specpure®, 1000 µg cm-3 (Alfa Aesar GmbH & Co KG, Germany). 

Quantification of calcium was done at the emission wavelength: Ca II 315.887 nm. Calcium concentration in the samples 

was expressed as mg kg-3 (ppm). 

3. RESULTS AND DISCUSSION 

3.1 One-step transesterification of WCO using the CaO·ZnO catalyst: influence of different reaction conditions 

Since the mechanochemically synthesized CaO∙ZnO catalyst has shown good activity in the methanolysis of 

sunflower and used vegetable oils [29], the influence of different reaction conditions on the rate of methanolysis was 

further studied.  

The agitation speed has a significant influence on the rate of the process since its increase causes a reduction in the 

dispersed phase (methanol) drop size and an increase in the specific interfacial area between the two immiscible phases 

(WCO and methanol). This effect enables faster TG mass transfer and the period of usually slow period of 

transesterification is significantly shorter [29,32]. When agitation speed in methanolysis of WCO was 300 rpm, the initial 

period lasted 45 min, while for 1000 rpm it was practically eliminated, indicating that the mass transfer resistance at 

the beginning of methanolysis of WCO is less pronounced (Fig 2a). It can be concluded that more intensive mixing, i.e. 

higher agitation speeds, increased the methanolysis rate as a result of reduced mass transfer resistance and better 

suspension of the catalyst in the reaction mixture. 

 

 
Figure 2. Triglyceride conversion versus time for WCO methanolysis at 60 °C as a function of a) agitation speed (methanol to oil 
molar ratio = 10:1, 2 wt.% of catalyst); b) methanol to oil molar ratio (agitation speed 1000 rpm, 2 wt.% catalyst); c) catalyst 
amount (methanol to oil molar ratio =10:1; agitation speed 1000 rpm) 
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Fig. 2b) shows the influence of the molar ratio of methanol to oil on the methanolysis rate. At the lower ratio, the 

fraction of dispersed phase (methanol) in the reaction mixture is decreased, and also the specific interfacial area 

between methanol and oil, which is directly proportional to the fraction of dispersed phase. Because of that, the molar 

ratio of methanol to oil mostly affects the TG mass transfer, but the initial period is not so pronounced as in the case of 

methanolysis of sunflower oil at a lower agitation speed [32]. The rate of the chemical reaction on the catalyst surface 

was lower at a lower molar ratio, and also the maximum obtained yield of FAME which did not exceed 85 %. The lower 

molar ratio affects the slow and final period of transesterification, which is characterized by approaching the equilibrium 

composition between FAME and glycerol. A smaller concentration of TG and an increased concentration of glycerol 

close to the surface of a solid catalyst, with the very low methanol concentration, improve the rate of the reversible 

reaction between FAME and glycerol, which could be the main reason for the achieved lower FAME yield.  

TG conversion vs. time is shown in Fig. 2c) for different initial amounts of catalyst. When the reaction mixture contained 

1 wt.% of catalyst, even after 5 h of reaction, TG conversion reached only 23 %. WCO contains a certain amount of FFA (Table 1) 

and other compounds formed during the use of fresh vegetable oil at high temperature for food preparation (thermal 

processing of food). Thus, the reason for very slow transesterification could be mainly FFA adsorption on the catalyst active 

cites, blocking them, and causing the part of the catalyst not to be available for TG transesterification.  

3. 2. Pretreatment of WCO  

3. 2. 1. Adsorption using quicklime 

Results of WCO methanolysis with a smaller amount of catalyst indicated the negative effect of FFA on the 

methanolysis process, suggesting that some pretreatment should be applied. The idea of using quicklime for the 

pretreatment was to reduce the amount of FFA present in WCO by simple adsorption. Detailed characterization of used 

material has been reported previously and only a short overview of these results is reported in the present paper. The 

XRD analysis indicated the peaks originated from the well-crystallized CaO phase, which is the main phase of raw 

quicklime, with only barely noticeable peaks of Ca(OH)2 [31]. Raw quicklime has a low specific surface area of 4.6 m2 g-

1, with the total pore volume of 85 mm3 g-1, and the basic strength in the range of 9.3–10.0 [31]. According to the results 

of the analysis of textural properties, quicklime used without calcination has a very low porosity and can be even 

classified as a nonporous material [31]. 

The efficiency of FFA removal was investigated with respect to the influence of quicklime calcination, amount, 

particle size, and pretreatment temperature (Table 2). The use of quicklime without calcination resulted in a slightly 

better decrease in the FFA content. It was higher at higher temperatures, however, at 60 °C formation of soaps was 

visually observed, not present at lower temperatures.  
 

Table 2. Removal efficiency of FFA at different conditions (t = 1h in all experiments)  

T / °C Calcination temperature, °C Particle size, mm Quicklime content, wt.% XFFA / % 

60 550 <0.2 1 88 

60 / <0.2 1 94 

40 / <0.2 1 58 

30 / <0.2 1 72 

30 / 
0.2<d<0.6 

1 41 

30 / 2 55 

30 / 
0.6<d<0.8 

1 8 

30 / 4 33 

 

The reason for this finding could be desorption of the formed compound between CaO and FFA, which is an endothermal 

process and, thus, at lower temperatures adsorption of FFA at the surface of the particles is more pronounced. An 

increase in temperature causes desorption of the molecules from the surface [2], in this case soaps formed in the 

reaction of CaO with FFA, which became visible in the mixture. When smaller particle sizes were used (diameter 

< 0.2 mm), a higher FFA removal was achieved, caused by a higher surface area available for the adsorption. The amount 
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of Ca2+ present in the oil after the pretreatment at optimal conditions (uncalcined quicklime, 30 °C, d < 0.2 mm, 1 wt.%) 

was determined to be 12.64 mg kg-1, showing that very small amount of calcium from CaO was dissolved in the treated 

WCO. 

3. 2. 2. Adsorption kinetics 

The removal of FFA on quicklime adsorbent as a function of contact time, under condition determined as optimal 

(uncalcined quicklime, 30 °C, d < 0.2 mm, 1 wt.%) was studied with the aim to determine the required time to reach the 

equilibrium conditions and results are presented in Fig. 3a.  

   
Figure 3. FFA adsorption at quicklime over time at optimal adsorption conditions (30 °C, d < 0.2 mm, 1 wt.%): a) FFA content 
reduction; b) adsorption capacity of quicklime determined experimentally and calculated by using kinetic models with kinetic 
parameters determined by least-squares fits  
 

It can be seen that the concentration of FFA present in the oil (1.27 wt.% at the beginning) decreased over time and 

reached a constant value (0.44 wt.%), indicating the attainment of equilibrium at which further adsorption was not 

possible. The time necessary to reach equilibrium was about 60 min under the operating conditions used in this work. 

Similarly, it has been reported that 60 min was required to reach the equilibrium for adsorption of oleic acid added to 

sunflower oil (3 wt.%) on zeolite 13X at 30 °C, but with 10 wt.% of the adsorbent [17], while much longer contact time, 

240−300 min was necessary for oleic acid adsorption from vegetable oils onto different anion exchange resins [15,16] 

as well as for FFA adsorption from crude palm oil on magnesium silicate derived from rice husk [23]. Additionally, Ilgen 

reported that adsorption of oleic acid from sunflower oil on Amberlyst A26 (OH) resin reached equilibrium after 360 

min regardless of the temperature and adsorbent amount [14]. 

Analysis of the adsorption kinetics was performed by using the pseudo-first (Eq. 4) and pseudo-second order (Eq. 6) 

kinetic models. The pseudo-first model parameters qe and k1 were determined from the intercept and slope of plot log 

(qe - qt) versus time (Fig. D-1a, Supplementary material), while pseudo-second model parameters qe and k2 were 

determined from the intercept and slope of t/qe versus time (Fig. D-1b), Supplementary material) and the obtained 

values are presented in Table 5. Comparison of the experimental data and calculated using kinetic models is presented 

in Fig. 3b. According to the obtained values of correlation coefficient R2, the pseudo-second order model better 

describes the adsorption of FFA from WCO onto quicklime as adsorbent. In addition, in order to provide more relevant 

information on the models’ adequacy, MRPD between the values of qe determined experimentally and predicted by 

models was calculated. The MRPD of ± 6.2 and 8.0 % for the pseudo-first and the pseudo-second model, respectively, 

suggested that slightly better agreement was accomplished with pseudo-first order model.  Due to the contradictory 

results of R2 and MRPD, as well as the fact that 5 out of 7 measured data are already at equilibrium, no definite 

conclusion about the best kinetic model can be drawn. In the literature, both models were successfully used to describe 

adsorption kinetics. It was reported that adsorption of oleic acid from sunflower oil on Amberlist 26 (OH) resin [14], iron 

q
 /

 m
g 

g-1
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oxide magnetic nanoparticles [21] and zeolite 13X at higher temperatures of 50 and 75 °C [17] followed the pseudo-

second order kinetic model, while for adsorption onto the zeolite 13X at 30 °C and ion-exchange resin [15] followed the 

pseudo-first order kinetic model. It was also observed that both models describe the data well with correlation 

coefficients greater than 0.99 in adsorption process using two mixed bed ion-exchange [16]. 
 
Table 3. Kinetic model parameters 

 Pseudo-first order Pseudo-second order 

qe (exp) / mg g-1 k1 / min-1 qe (calc) / mg g-1 R2 k2 / g mg-1 min-1 qe (calc.) / mg g-1 R2 

910 0.033 907.8 0.898 6.01·10–5 952.4 0.992 

 

The experimentally determined equilibrium adsorption capacity of quicklime was 910 mg g-1. This value is higher 

than most of the removal capacities reported in literature for different adsorbent materials, which were in the range 

from 18 to 647 mg g-1 [10–12,14–17,20,23]. Only Pereira et al. obtained much higher values of adsorption capacity 

(2750–7000 mg g-1) for Ca(OH)2 nanoplates supported on activated carbon as adsorbents [18]. However, it is necessary 

to highlight the advantage of quicklime used in this study - it is a cheap, available, natural material and can be used 

without any heat treatment.  

3.2.3 FTIR analysis 

FTIR spectra of quicklime before and after different times of the adsorption process are shown in Fig. 4.  

 
Figure 4. FTIR spectra of quicklime before and at different times of the adsorption process 
 

The spectrum of quicklime indicates only the presence of calcium carbonate (the broad band centered at 1465 cm−1 

and bands at 874 and 712 cm−1) as well as OH groups of Ca(OH)2 (the sharp band at 3643 cm−1). Also, the regions at 

3000–3500 cm−1 correspond to the possible contribution of water physisorbed on the surface of CaO, which is the result 

of very rapid carbonation and hydration of CaO in air [30]. After FFA adsorption, bands at 2932, 2882, and 2846 cm−1 

appeared, associated with symmetrical and asymmetrical C–H stretching vibrations of –CH2 and CH3 groups of FFA. The 

carboxylate bands typically exist in pairs corresponding to the asymmetric and symmetric carboxylate vibrations at 

1575–1530 and 1460–1400 cm−1, respectively [36]. A doublet band of carboxylate groups associated with calcium ions 

at around 1540 and 1575 cm−1 appears at higher concentrations of adsorbed FFA [18,37]. According to Lu and Miller, it 
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is assigned to physically adsorbed FFA [37], while Cano et al. reported that the presence of vibration bands of 

coordinated carboxylate groups (1524 and 1408 cm−1) indicates covalent binding of FFA [21]. The peak at 1453 cm−1 

corresponds to CH bending, and the peak at 1436 cm−1 to symmetric COO− stretching [37], while absorption in the 1746 

cm−1 region is characteristic of ester stretching of carbonyl group C=O and indicates possible oil contamination on 

quicklime [18]. The presence of carboxylate ion is clearly visible at all spectra of quicklime after the adsorption of FFA 

confirming the interaction of the carboxyl group in FFA with the active site of the adsorbent.  

3.2.4. Esterification using quicklime  

In the present work, the idea of adding a small amount of methanol (FFA to methanol molar ratio = 1:3) was explored 

with the intention to remove FFA in the reaction with methanol and not only by adsorption, where quicklime would act 

as a catalyst for esterification. At 30 °C almost the same efficiency in the FFA removal was achieved as without methanol 

(68 % compared to 72 %, Table 2), while at 60 °C it was much lower (57 % compared to 94 % removal, Table 2). It might 

be concluded that the use of methanol during pretreatment of WCO did not have a significant effect on the FFA removal 

and that methanol decreased the CaO capacity for FFA adsorption. The same conclusion was derived when methanol 

was added to an oleic acid/soybean oil system with the mixture of two mixed bed ion-exchange resins (Dowex 

Monosphere MR-450 UPW and Amberlite MB-150) [16]. 

According to the above results, the following conditions for pretreatment of WCO were proposed: 1 wt.% of 

quicklime based on the amount of oil; temperature of 30 °C, the particle size d < 0.2 mm and 1 h time in the batch 

process with mixing intensity of 1000 rpm.  

3. 3. Methanolysis of pretreated WCO  

After the pretreatment, quicklime was removed by filtration, and the oil with the decreased FFA content to 0.44 % 

was subjected to methanolysis with using CaO∙ZnO as a catalyst at 60 °C. The results are compared to those obtained in 

the direct methanolysis of WCO under the same conditions (Fig. 5). As can be seen, the WCO pretreatment had a positive 

effect on the methanolysis process rate. The achieved FAME yield was over 96 % after 15 min, while the same FAME 

yield was detected only after 1 h of transesterification without the pretreatment.  

 
Figure 5. FAME yield in WCO methanolysis with the use of CaO∙ZnO catalyst (reaction conditions: 60 °C, 1000 rpm, methanol to oil 
molar ratio of 10:1, 2 wt.% of catalyst) 
 

Two-step processes were frequently reported in literature, however, studies in which the FFA content is decreased 

by adsorption in the first stage of the two-step process are few. Ilgen reported that after the oleic acid content was 
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decreased to 0.2 % via adsorption by using Amberlyst 26 (OH), transesterification with KOH enabled the biodiesel yield 

of 94 % [14]. Similarly, after the pretreatment of soybean oil mixed with oleic acid using Ca(OH)2/activated carbon, 

transesterification with the use of NaOH as a homogeneous catalyst, resulted in FAME yields of 96-98 % [18]. Results 

from the present study are in line with the majority found in the literature reported for CaO or CaO-based catalysts [38]. 

Most of pure CaO catalysts or modified by doping with different compounds, supporting onto carriers, or mixing with 

other metal oxides are efficient in transesterification of virgin oils or feedstock with low free fatty acid contents, 

however, weaker catalytic activity in the presence of moisture and high FFA feedstock was observed [38]. Moreover, 

methanolysis of WCO using CaO derived from waste oyster shells gave a maximum biodiesel yield of 87.3 % after 3 h of 

reaction time under the optimized conditions (9:1 methanol to oil molar ratio, 6 wt.% of catalyst) [39]. Similarly, 

biodiesel yield of 93.4 % was obtained in a pilot-scale microreactor using WCO with the acid value of only 0.04 mg KOH 

g-1 oil and limescale as a catalyst [40]. The maximum FAME yield was 93.7 % in methanolysis of WCO with the FFA 

content of 1.1 wt.% catalyzed with zeolite supported CaO derived from chicken eggshell [41], while with Zn doped CaO 

nanocatalyst the yield of 96.7 % was attained under the reaction conditions of 20:1 methanol to oil molar ratio, 5 wt.% 

catalyst loading after 4 h with WCO containing 0.84 wt.% of FFA [42]. Magnetic CaO/ZnFe2O4 hollow microspheres 

showed high catalytic performance with 98 % biodiesel yield obtained under optimized conditions, including the molar 

ratio of methanol to oil of 12:1 and catalyst concentration of 6 wt.% at 65 °C for 3 h, but the acid value of WCO was only 

0.73 mg KOH g-1 oil [43]. An algal biochar/CaO/K2CO3 catalyst enabled the yield of 98.8 % in transesterification of WCO, 

however, a two-step process was applied, and transesterification was performed after reducing the FFA content to < 1 % 

by esterification with HCl [44]. The two-step process proposed in the present study allowed obtaining a high FAME yield 

from WCO with the FFA content > 1 % in a shorter time compared to most of the results reported in literature, as well 

as compared to the one-step process with mixed oxides CaO·ZnO used as a catalyst. 

Possibility to reuse the catalyst in methanolysis was also examined. After each run, the liquid product was separated 

from the solid catalyst that remained at the bottom of the flask. A new batch of oil and methanol were added to the 

flask and the subsequent cycle was carried out under the same reaction conditions. The solid catalyst was reused 

without any purification in several repeated FAME synthesis. In the case of WCO use without pretreatment, in the 

second repeated test, a substantial decrease in the catalyst activity and FAME yield of only 11.8 % were observed, 

Figure 6. Still, the reusability test with pretreated oil showed that the FAME yield in the second run, although higher 

than without pretreatment, was still unsatisfactory amounting to only 46.6 % (Figure 6).  

 
Figure 6. Reuse of the catalyst: FAME yields in 3 consecutive runs; ■–WCO without the pretreatment; ■–WCO after pretreatment 
with quicklime 
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Leaching of active species from the solid catalyst could be one of the reasons for the drop in activity. Solubility of 

the CaO·ZnO catalyst in methanol was negligible [29,30], however, López Granados et al. showed that the solubility of 

pure CaO is one order of magnitude higher in a biodiesel–glycerol–methanol mixture than in methanol [45]. Thus, the 

concentration of Ca2+ ions present in the FAME phase after methanolysis of the pretreated WCO and catalyst removal 

was analyzed, amounting to 229 mg kg-1. This value is lower than some other reported for CaO-based catalysts. Namely, 

leaching from CaO from eggshell supported on a fly ash-based zeolitic material into sunflower oil yielded the 

concentration of 1170.4 mg kg-1 [46], while from the CaO-based catalyst derived from palm kernel shell biochar it was 

722 mg kg-1 [47]. Besides, solubility of the neat CaO in the modeled biodiesel-methanol-glycerol mixture was reported 

to be 600 mg dm-3 (or 680 mg kg-1) [45]. On the contrary, lower leaching was also reported, for example, for a 

CaO/ZnFe2O4 hollow magnetic microspheres catalyst yielding the concentration of 21.3 mg kg-1 [43] or CaO prepared 

with pectin as a modifier amounting to 0.7 mg kg-1 [48]. Nevertheless, the leached amount of calcium ions can be 

considered as low and not sufficient to reduce the catalytic activity of the CaO·ZnO catalyst [46].  

Since the reason for a decrease in activity could be a change in the catalyst structure, or adsorption of products 

formed during the transesterification process, the catalyst after methanolysis of the pretreated WCO was characterized 

by using FTIR and XRD analyses (Figure 7).  

 a b 

  
 2 / ° Wavenumber, cm-1 

Figure 7. Analyses of the fresh CaO·ZnO catalyst and after methanolysis of the pretreated WCO: a) XRD patterns; b) FTIR spectra  
 

Figure 7a shows diffractograms of the catalyst after the methanolysis reaction and after the reaction and calcination 

at 700 °C. The XRD pattern of the used catalyst revealed only peaks characteristic for ZnO, while peaks corresponding 

to CaO were not observed neither the peaks of other Ca compounds that could have been formed in the reaction of Ca 

with glycerol or the mixture of glycerol and methanol (e.g. Ca glyceroxide). This means that there could have been either 

a change in the structure of the catalyst or "poisoning" of the active sites, in this case CaO, by various compounds 

present in the reaction mixture. Therefore, after the used catalyst was calcined at 700 °C, peaks corresponding to CaO 

appeared in the XRD pattern, but of slightly lower intensity compared to the starting catalyst. This indicates that the 

active sites are probably blocked, and the FTIR spectra can provide more information about organic compounds that 

could have blocked the active centers of the catalyst. 

The FTIR spectra of the used catalyst confirmed the presence of organic compounds on the catalyst surface (Fig. 7b). 

The intense band at 1744 cm−1 originates from the stretching vibration of the ester carbonyl functional group (C=O), 

and at 1171 cm−1 from the stretching vibration of the C–O bond [49]. Bands at around 1457 and 1568 cm−1 when 

appearing together in the spectrum are attributed to the symmetric and asymmetric vibrations of carboxylate groups 

and may indicate that chemisorption of FAME molecules has occurred [49]. More intense bands at 2922 and 2852 cm−1 

in the FTIR spectrum of the catalyst after transesterification is assigned to the asymmetric and symmetric stretching 

vibrations of methylene groups of the alkyl chain of FAME [49]. 
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4. CONCLUSION 

High FAME yields could be achieved in methanolysis of WCO using CaO∙ZnO catalyst under different reaction 

conditions. However, presence of FFA has a negative impact on the methanolysis rate so that the pretreatment of WCO 

using quicklime was proposed in the present work for the acid removal. The results showed that FFA from WCO could 

be successfully removed using quicklime as adsorbent at a lower temperature of 30 °C with the removal efficiency of 

72 % and the equilibrium adsorption capacity of 910 mg g-1. When the pretreated oil was used as feedstock for 

methanolysis with a CaO∙ZnO catalyst, a higher rate of transesterification was observed compared to methanolysis of 

untreated WCO, with over 96 % of FAME yield achieved after 15 min of the process. Based on the obtained results, it 

can be concluded that quicklime has considerable potential for the FFA removal from WCO, being cheap, available, and 

efficient. Besides, both adsorption and heterogeneously catalyzed methanolysis are environmentally and economically 

acceptable processes. 
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Adsorpcioni predtretman otpadnog jestivog ulja primenom kreča za 
sintezu metil estara masnih kiselina 
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(NAUČNI RAD) 
Izvod 

Sinteza biodizela iz različitih biljnih ulja ostvaruje se transesterifikacijom triglicerida sa metanolom ili 
reakcijom koja se obično definiše kao metanoliza. Korišćenje ulja lošijeg kvaliteta, kao što je otpadno 
jestivo ulje (engl. waste cooking oil, WCO), prate neželjene sporedne reakcije kao posledica povećanog 
sadrđžaja slobodnih masnih kiselina (engl. free fatty acids, FFA) i vode. Prisustvo FFA u tim uljima obično 
zahteva fazu prethodne obrade pre nego što se ulje podvrgne procesu transesterifikacije. U ovom radu 
istražena je heterogeno kanalizovana metanoliza WCO sa i bez predtretmana. Uklanjanje FFA iz WCO 
obavljeno je korišćenjem samo kreča ili uz dodatak male količine metanola (molarni odnos FFA prema 
metanolu = 1:3). Dobijeni rezultati su pokazali da se u predtretmanu WCO krečom na 30 °C nakon 1 h 
može smanjiti sadržaj FFA za 72%, dok je određeno da je ravnotežni kapacitet adsorpcije 910 mg g-1. 
Predtretman adsorpcijom, kao jednostavnom operacijom, korišćenjem jeftinog kreča pod blagim 
uslovma, pozitivno je uticao na brzinu reakcije transesterifikacije s CaO∙ZnO kao katalizatorom, 
omogućujući postizanje preko 96 % prinosa biodizela za samo 15 min, u poređenju sa potrebnim 
vremenskim periodom od 1 h za postizanje istog prinosa iz ulja bez predtretmana. Nadalje, prethodno 
tretirano WCO omogućuje povećan broj ciklusa ponovne upotrebe katalizatora i ukupnu uštedu 
potrebne količine katalizatora. Ova studija je pokazala da je kreč ekonomičan, ekološki prihvatljiv i održiv 
materijal za uklanjanje FFA iz WCO. 

Ključne reči: biodizel; adsorpcija; 
CaO∙ZnO; metanoliza 
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Abstract 

This work examines pressurized accelerated oxidation by a RapidOxy tester as an alternative 
method for determination of biodiesel oxidation stability. Sunflower oil-based biodiesel was 
synthesized and treated with antioxidants: tert-butylhydroquinone (TBHQ) - a synthetic 
antioxidant known for its powerful protective effect, and a mixture of bio-based antioxidant 
compounds extracted from vinery waste, VWEeth. The antioxidant potency of TBHQ was 
evaluated at varying temperatures (110 - 140 °C) and concentrations (250 - 2,000 mg dm-3) by 
the RapidOxy method; assessment of selected results was performed by comparison with 
relevant data obtained by the standard Rancimat method. VWEeth was added in two high 
dosages to biodiesel (87,500 and 150,000 mg dm-3) and analyzed at 140 °C by the RapidOxy 
method. Both antioxidants at all applied dosages showed beneficial effects on improving the 
oxidative stability of biodiesel, but not all of the achieved improvements reached the stability 
minimum identified by the EN14214 standard. The lowest addition of TBHQ seemed to have a 
similar effect as the tested dosages of VWEeth but these additions did not increase the induction 
period above the limit of 8 h; two-fold higher quantity of TBHQ was successful in this respect, 
increasing the initial oxidation stability by a factor of about 2, which was determined by both 
methods. The RapidOxy method proved to be a very fast method suitable for testing a large 
number of samples, which is particularly important for efficient testing of different types and 
doses of antioxidants. 

Keywords: induction period; Rancimat; RapidOxy; tert-butylhydroquinone TBHQ; vinery waste 
ethanolic extract.
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1. INTRODUCTION  

Currently, biodiesel represents the most widely used renewable substituent for conventional fuel for diesel engines. 

It is a biofuel consisting of fatty acid alkyl esters (FAAEs) that can be derived from different oleo feedstocks such as 

vegetable oils (edible and non-edible), waste cooking oils, animal fats, and algal or microbial oils. However, its usage is 

linked with some disadvantages over conventional fuel for a diesel engine as a consequence of distinct chemical 

composition that differs from the hydrocarbon (HC) nature of the fossil diesel. One of the most prominent lacks of 

biodieselis its low oxidation stability. Oxidation stability indicates the potency of a fuel to resist oxidative degradation. 

This property of biodiesel is linked to the presence of unsaturated fatty acid chains inherent in the oily feedstock 

composition. Fatty acid chains that exist in molecules of feedstock’s triglycerides (or free fatty acids) are introduced into 

the molecules of FAAEs by the reaction of transesterification (or esterification) during the synthesis of biodiesel. By 

transesterification with, for instance, methanol, triglycerides are converted to fatty acid methyl esters (FAMEs) and 

glycerol. Double bonds in FAAEs represent the weakest points of biodiesel under the attack of aggressive oxidative 

species. In brief, deterioration of biodiesel composition by the oxidative degradation starts with the removal of 

hydrogen in (bis)allylic position relative to the double bond in (poly)unsaturated fatty acid chains in the presence of free 
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radicals, further creating reactive species through a multi-step reaction process [1-3]. Peroxides and hydroperoxides are 

primary oxidation products, but being unstable they further react forming various secondary products, including 

shorter-chain compounds such as aldehydes, alcohols, and low volatile acids, as well as polymers [3-5]. The composition 

change induced by the oxidation of unsaturated fatty acid chains of FAAEs deteriorates standardized fuel properties, 

primarily the acid value, viscosity, and sediment content. For biodiesel fuel applications, oxidative degradation can occur 

during storage or use in the vehicle’s engine, causing the formation of deposits or mechanical component failure, 

involving injector blockage, filter plugging, and pump wear [1,4]. 

The use of antioxidant additives is the most usual way to improve the biodiesel oxidation stability towards reaching 

or maintaining the standardized quality. Concerning the origin, antioxidants can be synthetic or natural. Despite the 

efficiency, synthetic antioxidants exhibit significant drawbacks including toxicity, low biodegradability, and the high 

price that increases the already high cost of biodiesel. Thus, natural antioxidants attract increasing attention as an 

alternative for controlling oxidation in biodiesel with some of the studies reporting significant efficiencies of such 

additives [6-10]. Considering the type of stabilizing mechanism, antioxidants can be regarded as primary and secondary: 

primary antioxidants interrupt the oxidation chain reaction, while the secondary ones act indirectly, e.g. by complexing 

a metal acting as a catalyst for oxidation reaction, decomposing the existing hydroperoxides to a non-radical species, or 

by absorbing radiation in the initiation stage of oxidative processes [11]. Chemically, there are amine-based substances 

with antioxidant effects (e.g. N,N′-di-sec-butyl-p-phenylenediamine) [12], but phenolic antioxidants such as butylated 

hydroxytoluene (BHT), butylated hydroxyanisole (BHA), tert-butylhydroquinone (TBHQ), pyrogallol (PY), propyl gallate 

(PG), have been applied more frequently [13]. 

Several methods exist to determine the oxidation stability of biodiesel, with the most applicable being a method of 

accelerated degradation in a Rancimat instrument. A sample is placed in the heating block and intensively oxidized by 

air flow, resulting in the formation of volatile secondary oxidation products (mainly formic and acetic acids) that are 

transferred into a measuring flask with distilled water; after some time of analysis, large quantities of the oxidation 

products introduced into the water induce a sudden increase in the water conductivity. The time that corresponds to 

the inflection point in the oxidation curve (conductivity vs. time) is the so-called induction period [14]. The induction 

period determined by the Rancimat method under the standardized conditions (EN14112) is directly comparable with 

a limit of 8 h defined as the minimum oxidation stability by the European standard on biodiesel quality EN14214. 

However, this method is time-consuming particularly when testing or formulating different antioxidant additives. It also 

provides an incomplete analysis of the sample oxidation stability because the results are based only on detected highly 

volatile oxidation products [15]. An alternative method reported by Neumann et al. [16] is more rapid and it is based on 

the induction period determination as a consequence of the pressure loss in the oxygen atmosphere above the sample 

in a sealed reaction chamber due to oxygen consumption by all sample compounds (volatile and non-volatile) 

susceptible to oxidation [15]. This so-called PetroOXY method is standardized in the USA (ASTM D7545-14). In the EU it 

is included in a draft standard prEN16091:2021, which specifies the determination of the oxidation stability of middle 

distillate fuels, FAMEs, and their blends. The PetroOXY method provides the induction period as a time of accelerated 

oxidative degradation of the sample by heat (140 oC) in the atmosphere of oxygen (initial pressure of 700 kPa) till the 

moment when a pressure drop of 10% is detected in relation to the maximum pressure recorded. It has been 

determined that the time needed to achieve a fixed pressure drop is directly related to the fuel oxidation stability [16]. 

In both methods, Rancimat and PetroOXY, longer induction periods indicate better oxidation stability. However, none 

of the standards on biodiesel fuel quality define the oxidation stability limit towards the induction period determined 

by a pressurized accelerated method such as the PetroOXY. This is why several studies compared Rancimat and 

PetroOXY methods with the aim to establish a correlation between the results for biodiesel [15-17]: a linear dependence 

between the results of these two methods was confirmed, and it has been concluded that the regression models largely 

depends on the origin of biodiesel and the presence of antioxidant additives. 

The aim of the present study was to evaluate the effect of antioxidant additions to biodiesel by the RapidOxy stability 

tester, which determines the induction period on the same principle as the pressurized PetroOXY method. The antioxidant 

potency of TBHQ as a synthetic antioxidant was evaluated at different temperatures and concentrations. Additionally, a 
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vinery waste ethanolic extract (VWEeth) was prepared and preliminarily tested as an alternative bio-additive for the enhan-

cement of biodiesel oxidation stability. The RapidOxy data were compared with selected values obtained by the Rancimat 

method at 110 oC. The study contributes to previous efforts to collect new data on the pressurized accelerated method for 

determination of biodiesel oxidation stability, and it also explores local biowaste as a source of valuable antioxidant 

additives. 

2. MATERIALS AND METHODS

2. 1. Biodiesel synthesis

Biodiesel was synthesized from commercial refined sunflower oil (Serbia). The fatty acid composition is determined

by the gas chromatographic (GC) method and presented in Table S-1 in the Supplementary Material. Oil was 

transesterified with methanol (p.a., Lachner, Czech Republic) in the presence of KOH (p.a., Alkaloid Skopje, North 

Macedonia) as a catalyst in a 2 dm3 stainless steel reactor (methanol to oil mole ratio 5:1; 1 mas.% KOH catalyst in oil) 

at a temperature 64 °C for 1 h. After the reaction, the product mixture was allowed to settle: the upper layer of 

biodiesel was collected, while the lower glycerol layer was discarded. Methanol was removed from biodiesel by rotary 

vacuum evaporation. Biodiesel was purified with warm distilled water and finally dried with silica gel. Characterization 

of biodiesel was performed in accordance with selected requirements of the EN 14214 standard. 

2. 2. Preparation of vinery waste extract as an antioxidant bio-additive

Waste after the production of red wine in a local vinery (Vojvodina Province, Serbia) was collected in early autumn

2019 and dried at about 50 °C till constant mass. VWEeth was prepared as follows: a sample of dried vinery waste (10.0 g) 

was grounded by a laboratory mixer and added to 50 cm3 of absolute ethyl alcohol (p.a., Zorka Pharma, Serbia). This 

mixture was shaken by a laboratory shaker (Promax 2020, Heidolph, Germany) at 140 rpm for 48 h and then filtered 

into a 50-cm3 volumetric flask followed by addition of ethanol to bring the volume to the mark. Multiple extracts were 

prepared in order to test repeatedly the addition of two extract’s dosages to the synthesized biodiesel: 25 and 50 cm3. 

After evaporation of the selected VWEeth dosage till dryness by a rotary vacuum evaporator (Laborota 4000, Heidolph, 

Germany), a known volume of biodiesel was added into the same evaporator rotating flask that kept rotating for about 

20 min before analyzing the oxidation stability. Before the addition of biodiesel, the extract’s dry matter was weighed 

in order to calculate the VWEeth dosages relative to the biodiesel volume. In this way, the tested dosages of VWEeth were 

87,500 mg dm-3 (VWEeth1) and 150,000 mg dm-3 (VWEeth2). Finally, the oxidation stability of biodiesel samples blended 

with the extract’s dry matter was analyzed using the RapidOxy instrument. 

2. 3. Determination of biodiesel oxidative stability

A sample of synthesized biodiesel (before the treatment with antioxidant, i.e. untreated) was analyzed for oxidation

stability by both Rancimat and RapidOxy methods. 

Equipment for determination of oxidation stability in accordance with the Rancimat method was tailored as described 

in the EN 14112 standard (Figure D1, Supplementary Material). A portion of biodiesel (3 cm3) was simultaneously subjected 

to heating at 110 oC and airflow of 10 dm3 h-1 following the requirements of the EN 14112 standard. Electrical conductivity 

was measured by a conductometer (HQ440d multi, Hach, USA) with a probe inserted into a measuring flask containing 50 

cm-3 of distilled water [14]. Pairs of conductivity values and time were recorded to obtain the oxidation curve (conductivity

vs time). The inflection points of the curve represented the Rancimat induction period (in h). The Rancimat induction period

is directly comparable with the limit on oxidation stability defined by the EN 14214 standard. The Rancimat method was

used for testing the oxidation stability of untreated biodiesel and also of biodiesel treated with different dosages of the

synthetic additive TBHQ, known for its potent antioxidant activity in fuels.

Induction period determined by the oxidation stability tester RapidOxy 100 (Anton Paar, Germany, Figure D2) 

represents the time (in min) that elapsed between the start of the test (i.e. when the oxygen pressure is stabilized at 700 

kPa in the sealed instrument test chamber with the sample portion of 4 cm-3 before heating to the specified temperature) 
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to the pressure drop of 10 % with respect to the maximum pressure recorded at the specified temperature. The analytical 

run consists of the following steps: purging of the instrument test chamber containing the sample portion with oxygen, 

pressurizing the chamber with oxygen to 700 kPa, heating to the selected temperature, measuring of the pressure drop 

(till the specified value of the drop), cooling (to 20oC), discharging, and final purging with air. The RapidOxy measurement 

of untreated biodiesel and the TBHQ-treated biodiesel were performed at different temperatures, i.e. at 110, 120, 130, 

and 140 oC. The effect of different concentrations of TBHQ (250, 500, 1,000, and 2,000 mg dm-3) was also tested by the 

RapidOxy method but only at 140 oC. The induction period of biodiesel with VWEeth was determined at 140 °C by the 

RapidOxy method, too. In this way, TBHQ was used as a proved, well known potent antioxidant for comparison of the 

RapidOxy vs. standard Rancimat method, as well as to evaluate preliminary VWEeth as an alternative natural additive. 

Efficiency of the added antioxidant, i.e. its antioxidative potency was expressed as a stabilization factor, calculated by 

dividing the induction period obtained for biodiesel after the antioxidant addition (treated biodiesel) with the induction 

period of the untreated biodiesel at the same test temperature. All experiments were performed in duplicates. 

3. RESULTS AND DISCUSSION

3.1. Oxidation stability of untreated and TBHQ treated biodiesel 

The results of biodiesel characterization are presented in Table 1 with the test methods used. Based on the average 

induction period of 3.76 h determined at 110 °C by the Rancimat method (Table 1), biodiesel failed to satisfy the limit 

set by the standard EN 14214. This was not surprising, knowing that the iodine value (i.e. the total unsaturation level) 

of sunflower oil is usually higher than the value for rapeseed oil (usual feedstock for biodiesel in the EU) because of 

higher contents of linoleic acid: the inherited fatty acid composition of the sunflower oil-based biodiesel results often 

in non-compliance with the EN standard requirements for iodine value and oxidation stability [18]. 
Induction periods of freshly synthesized biodiesel determined at different temperatures by the RapidOxy tester are 

given in Table 2 and Figure D3 (Supplementary Material). It can be easily seen how this method is fast if compared to 

the Rancimat: 12 times shorter induction period at 110 °C was obtained for untreated biodiesel. Results in Table 2 also 

proved repeatability of measurements by the RapidOxy instrument: the range of the relative standard deviations was 

2.24-5.13 %, with higher RSDs obtained at two higher test temperatures (130 and 140 °C) at which the induction periods 

were 1.6- and 1.8-fold shorter than the period at 110 °C (Table 2). This high precision coincided with the results of 

Neumann et al., who reported repeatability and reproducibility for biodiesel induction periods determination by the 

PetroOXY method to be <5 % and <8 %, respectively [16]. The EN14112 standard (Annex A of EN14214) defines the 

precision (in h) of the oxidation stability measurement by the equation: 

Precision = 0.26X + 0.23 (1) 

where X is the mean value of two results on induction period that are compared. 

According to the eq. (1) acceptable deviation for the Rancimat induction period of biodiesel synthesized in this study is 

1.21 h, accounting for 32 % of the measured value (3.76 h). The EN14214 standard defines reproducibility of 2.3 h at the 

oxidation stability limit, accounting for 28.7 % of the 8 h-minimum specified by this standard. Neumann et al. [16] concluded 

that the significantly enhanced reproducibility by the pressurized method over the Rancimat method improves the consis-

tency of test results, and that testing of antioxidant dosages can be more precise, i.e. much closer to the actual required level. 

Table 1. Selected properties of biodiesel synthesized in this study and compared with the limits set by the EN 14214 standard 

Property EN 14214 limit Average value (SD*) Method 

Ester content, wt.% > 96.5 98.9 (0.6) EN 14103 

Density at 20oC, kg m-3 860-900 861 (1.4) EN ISO 3675 

Kinematic viscosity at 40 oC, mm2 s-1 3.5-5.0 4.6 (0.1) EN ISO 3104 

Water content, mg kg-1 < 500 250 (7.1) EN ISO 12937 

Acid value, mg KOH g-1 < 0.5 0.47 (0.01) EN 14104 

Methyl ester of linolenic acid, mas.% < 12 0.97 (0.04) EN 14103 

Oxidation stability at 110 oC, h > 8 3.76 (0,37) EN 14112 
*SD-standard deviation



N. ĐURIŠIĆ-MLADENOVIĆ et al.: BIODIESEL SUPPLEMENTED WITH SYNTHETIC AND BIO-BASED ANTIOXIDANTS Hem. Ind. 77(1) 85-93 (2023) 

 89 

Table 2. Induction periods of synthesized biodiesel determined at different temperatures by the RapidOxy tester 

t / oC Number of analyzed sample aliquots Average induction period, min RSDa, % 

110 5 19.25 2.25 

120 5 14.60 3.63 

130 6 11.95 5.13 

140 6 10.51 4.80 
aRelative standard deviation (RSD) is determined as the standard deviation of measured values for the given temperature relative to the corresponding 
average value multiplied by 100 to obtain the percentage 

 

Stabilization factors reflecting the antioxidant potency of TBHQ in biodiesel at different temperatures are given in 

Table 3. Comparison of the induction periods obtained at 140 °C for varying additions of TBHQ is presented in Table 4.  

Stabilization factors proved the beneficial effects of TBHQ on retarding oxidative degradation of biodiesel under the 

testing conditions. Within the range of applied temperatures, the initial induction period was increased for about 3 to 

7 times, with the highest increase observed at the highest TBHQ dosage and the lowest testing temperature (Table 3). 

As expected, the induction period was reduced with the increase in the test temperature; an exponential trend 

described the dependence of the average induction period, IP / min, of untreated biodiesel (neat) on temperature, t / oC, 

which can be presented with the equation (2): 

ln IPneat= 3.1078 - 0.193t (2) 

The coefficient of determination was R² = 0.9599. Induction periods of the biodiesel samples treated with two 

dosages of TBHQ similarly depended on the testing temperature described with equations (3) and (4): 

ln IPTBHQ1= 5.1704 - 0.466t (3) 

ln IPTBHQ2= 5.2720 - 0.446t (4) 

where eq. (3) describes experimental results obtained for TBHQ dosage of 1,000 mg dm-3 (TBHQ1) with the coefficient of 

determination of R² = 0.9845, while eq. (4) describes experimental results obtained for TBHQ dosage of 2,000 mg dm-3 

(TBHQ2) with the coefficient of determination of R² = 0.9912. 
 

Table 3. Stabilization factors as indicators of antioxidant potency of TBHQ added to biodiesel at two levels (TBHQ1: 1,000 mg cm-3 

and TBHQ2: 2,000 mg cm-3) determined at different temperatures by the RapidOxy tester 

Temperature, oC 
Stabilization factora 

TBHQ1 TBHQ2 

110 6.14 6.68 

120 4.40 5.41 

130 3.44 3.98 

140 2.68 3.18 
aStabilization factor is calculated as a ratio of the induction period obtained for biodiesel after the addition and the induction period 
of biodiesel prior the addition at the same test temperature. 

 
Table 4. Induction periods of biodiesel treated with varying concentrations of TBHQ determined at 140 °C by the RapidOxy oxidation 
stability tester and the corresponding stabilization factors 

TBHQ dosage, mg dm-3 IP, min Stabilization factor Stabilization factor per dosage, dm3 mg-1 

250 13.30 1.23 0.0048 

500 22.20 2.05 0.0042 

1000 28.98 2.68 0.0027 

2000 34.38 3.18 0.0016 
 

Hence, a negative effect of temperature on the oxidation stability was observed regardless of the treatment, while 

the reduction in stability (i.e. induction periods) followed different trends depending on the TBHQ absence/presence. 

The similarity of respective coefficients in equations (3) and (4) suggested similar degradation mechanisms in the TBHQ-

treated biodiesel under applied conditions of accelerated oxidation regardless of the TBHQ dosage. On the other hand, 

coefficients in eq. (2) differed from the corresponding ones in eqs. (3) and (4), implying different mechanisms of the 

induction period disturbance with increasing temperature in the untreated biodiesel. It was indicated in a study of 

changes of selected biodiesel fuel parameters during accelerated oxidation at different temperatures that at 
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temperatures above 75 °C thermal degradation of original biodiesel composition occurs along with the oxidative 

decomposition [19]. Accordingly, it might be expected that thermal degradation is more pronounced at higher 

temperatures. This could be the explanation for the obtained exponential dependence of induction periods on 

temperature. Differences between the equations for untreated (eq. 2) and treated (eqs. 3 and 4) biodiesel might be 

ascribed to the presence of TBHQ and its active antioxidant action superimposed over the oxidation and thermal 

degradation of unsaturated fatty acid methyl esters. Besides the consumption of TBHQ during its protective 

antioxidative action, its thermal degradation might be also presumed to occur; the formed degradation products may 

affect the induction periods [22], as is explained hereafter. 

High antioxidant potency of TBHQ is well known and explained by its unique molecular structure. It consists of two -OH 

groups linked to aromatic ring in para(1,4-) position and one tert-butyl group in ortho(2-) position. Such dihydroxyl aromatic 

structure interrupts more easily the propagation step of the free radical chain reaction than phenolic antioxidants with 

only one -OH group in molecules [14,20,21]. The presence of alkyl groups is also important for efficient protection from 

oxidation. In this way, the electron density on the -OH groups is increased, which facilitates the release of a hydrogen 

radical, enabling more efficient stabilization of ester radicals formed during the oxidation stress [21]. Apart from the 

favorable structure, high efficiency of TBHQ is additionally related to the products known to be formed during its 

antioxidative activity that may also exhibit antioxidant properties, synergistically retarding the oxidation [14,22]. 

Dependence of RapidOxy induction periods, IPi / min, on different dosages of TBHQ, i / mg dm-3, also did not follow 

a linear trend (Table 4): 

IPi
RapidOxy = 10.102 ln i - 41.564 with R2 = 0.9876 (5) 

The shape of the curve (Figure D4) suggested changes in rates of stability enhancement in the range of tested 

dosages: faster increase at lower and slower at higher dosages of TBHQ. This might be also illustrated by stabilization 

factors at different TBHQ dosages (Table 4). 

Induction periods for the biodiesel supplemented with different TBHQ dosages determined at 110 °C by the Rancimat 

method and the corresponding stabilization factors are presented in Table 5. The difference between the RapidOxy and 

Rancimat results should be ascribed to different phenomena behind these two methods and their repeatability as explain-

ed previously. Still, both methods showed a 2-fold increase in the induction period with the TBHQ dosage of 500 mg dm-3, 

and according to the Rancimat results it was sufficient for achieving the oxidation stability above the EN14214 standard 

limit. A preliminary exponential model correlating the respective results obtained by the Rancimat (at 110 °C) and PetroOxy 

(at 140 °C) methods is presented in Figure D5 (Supplementary Material); however, further study is needed to confirm the 

applicability of the model. 
 

Table 5. Induction periods of biodiesel treated with varying concentrations of TBHQ determined at 110 oC by the Rancimat method 
and the corresponding stabilization factors 

TBHQ dosage, mg dm-3 IP, h Stabilization factor 

250 4.9 1.3 

500 9.2 2.4 

1000 15.7 4.2 

3.2. Oxidation stability of biodiesel treated with VWEeth 

As mentioned previously, the high price, nonrenewable origin, and toxicity of conventional synthetic fuel additives have 

triggered the search and development of alternative, cheaper, non-toxic, and renewable additives for biodiesel, which 

efficiently address known disadvantages in the fuel properties. Substantial achievements have been recorded in recent 

years and they are reviewed in the work of Lawan et al. [6]. The majority of studies dealing with bio-based additives 

explored extracts of varying plants such as rosemary [22], ginger [23], oregano [22], basil [22], Moringa oleifera [8], etc. 

However, it is worth mentioning that the use of plants known for their therapeutic and/or nutritional values in the fuel 

industry additionally contributes to the already raised controversy of biodiesel regarding food vs. fuel dilemma. Thus, a 

more sustainable option is to obtain alternative bio-based antioxidants from non-edible feedstock, especially from food 

and agro-industry waste. Utilizing biowaste as feedstock for bio-based additives could reduce the biofuel cost providing 
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also a good waste management strategy [10]. Some of biowaste examined as sources of antioxidants for biodiesel were 

barley waste [8], potato peel [9], and spent coffee grounds waste [10]; regardless of the applied extraction procedures, 

addition of the obtained extracts to biodiesel of various origins proved to be beneficial for the fuel oxidation stability. For 

instance, extract of 10 g of dried potato peels by 100 cm-3 of absolute ethanol for 3 h was added as dry matter at different 

dosages (100 - 250 ppm) to biodiesel synthesized from Nahor oil (Mesua ferrea) [9]. Rancimat induction periods of the 

treated biodiesel were in the range of 5.95 h for 100 ppm extract to 7.02 h for 250 ppm extract, whereas the initial induction 

period of the untreated biodiesel was 5.63 h [9]. Thus, stabilization factors were in the range 1.06 to 1.25. 

Natural antioxidants obtained in the present study from vinery waste also proved protective capacity as induction 

periods of the VWEeth-treated biodiesel samples were improved for a factor of about 1.3 (Table 6). The slightly higher 

stabilization factors achieved here in comparison to those obtained for the previously mentioned potato peel extract 

might be the consequence of the higher quantity of dried feedstock extracted (0.2 g vinery waste per cm-3 of solvent vs. 

0.1 g potato peel per cm-3 of solvent), longer extraction periods, and/or different antioxidant compounds present in the 

extracts. The exponential equation describing the relationship between the Rancimat and RapidOxy induction periods 

(Figure D5, Supplementary Material) was applied to the VWEeth-related values measured by the RapidOXY method 

resulting in the corresponding Rancimat periods of 4.8 and 5.0 h. This result implies that the tested additions of VWEeth 

were not sufficient to enhance the biodiesel oxidation stability above the EN14214 standard limit. Comparison of the 

RapidOxy induction periods obtained for additions of natural VWEeth and synthetic TBHQ implies that the tested dosages 

of the former additive had protective power similar as the TBHQ dosage of 250 mg dm-3. If eq. (5) is applied for the 

VWEeth-induction periods presented in Table 6, the equivalent TBHQ concentrations of 231 and 248 mg dm-3 are 

obtained. Knowing that the TBHQ addition of 250 mg dm-3 led to the Rancimat induction period of 4.9 h (Table 5), this 

equivalency also showed that the applied VWEs dosages were not sufficient to improve the biodiesel oxidation stability 

above the EN14214 standard limit. 

It is interesting to note that the linear regression model of Botella et al. [15], correlating the Rancimat and PetroOXY 

induction periods (in min) for biodiesel with additives, applied on the RapidOxy periods for VWEeth additives, predicted 

similar values for the Rancimat periods: i.e. 4.3 h and 4.4 h. The comparison proved that the obtained model may be 

used as a quick means for converting the RapidOxy measurements into the Rancimat values for the tested biodiesel 

with VWEs additives, and that such value may indicate if the oxidation stability reached the standard limit. Nevertheless, 

more data are needed to obtain a more accurate and general correlation. 

Rather similar factors of stability enhancement obtained for two dosages of VWEeth could be explained by possible 

aliquot (in)homogeneity during the transfer to a flask for blending with biodiesel. Markedly lower stabilization factor 

per dosage calculated for VWEeth (Table 6) in comparison to TBHQ (Table 4) suggested that only a certain part of the 

VWEeth could be related to antioxidants with protective power for biodiesel and/or the presence of less potent 

antioxidant compounds. Higher quantities of vinery waste (>0.2 g cm-3) are necessary to be tested as potential means 

for increasing the antioxidant potency. 
 

Table 6. Induction periods determined at 140oC by the RapidOxy method and the corresponding stabilization factors after addition 
of vinery waste ethanolic extracts (VWEeth) as bio-based antioxidants  

VWEeth dosage, mg dm-3 IP, min Stabilization factor Stabilization factor per dosage, dm3 mg-1  

87,500 13.41 1.28 0.0000153 

150,000 14.12 1.34 0.0000085 

4. CONCLUSION 

The results suggested the RapidOxy method as a high-throughput analytical technique with high repeatability. 

Dependence of RapidOxy induction periods on test temperatures was described by an exponential equation, capturing 

the effects of oxidative stress and thermal degradation in the applied range of temperatures; different equations 

obtained for untreated and TBHQ-treated biodiesel, reflected the additional antioxidation action of TBHQ. The addition 

of TBHQ to sunflower oil-based biodiesel in a dosage of 500 mg dm-3 enabled compliance with the EN14214 standard. 
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The VWEeth extract showed protective potency as an antioxidant additive for biodiesel, but the tested dosages were not 

sufficient to achieve the EN14214 standard limit. 

Further studies are needed to characterize VWEs since by knowing the VWEs composition, particularly compounds 

exhibiting antioxidant properties, the mechanism of its interaction with biodiesel may be proposed. Continuation of the 

present study should aim at determination of VWEs dosages, applied either individually or in combination with a 

powerful synthetic antioxidant such as TBHQ, sufficient to reach the relevant limit without impairment of the other fuel 

properties. Investigation of different extraction methods/conditions would reveal if a more powerful antioxidant action 

of VWEeth might be achieved. Techno-economic analysis and life cycle assessment would confirm the sustainability of 

the final results. 

Acknowledgements: This work was supported by the Ministry of Education, Science and Technological Development 

of the Republic of Serbia under grant numbers 451-03-68/2022-14/200134 and 451-03-68/2022-14/200117. 

REFERENCES 

[1] Tomić M, Đurišić-Mladenović N, Mićić R, Simikić M, Savin L. Effects of accelerated oxidation on the selected fuel properties 
and composition of biodiesel. Fuel. 2019; 235: 269-276 https://doi.org/10.1016/j.fuel.2018.07.123  

[2] Alves-Fortunato M, Ayoub E, Bacha K, Mouret A, Dalmazzone C. Fatty Acids Methyl Esters (FAME) autoxidation: New 
insights on insoluble deposit formation process in biofuels. Fuel. 2020; 268: 117074 
https://doi.org/10.1016/j.fuel.2020.117074 

[3] Sia CB, Kansedo J, Tan YH, Lee KT. Evaluation on biodiesel cold flow properties, oxidative stability and enhancement 
strategies: A review. Biocatal Agric Biotechnol 2020; 24: 101514. https://doi.org/10.1016/j.bcab.2020.101514 

[4] Bacha K, Ben-Amara A, Vannier A, Alves-Fortunato M, Nardin M. Oxidation stability of diesel/biodiesel fuels measured by a 
PetroOxy device and characterization of oxidation products. Energy Fuels. 2015; 29: 4345-4355 
https://doi.org/10.1021/acs.energyfuels.5b00450 

[5] Yaakob Z, Narayanan BN, Padikkaparambil S, Surya Unni K, Akbar MP. A review on the oxidation stability of biodiesel. 
Renew Sustain Energy Rev 2014; 35: 136-153 https://doi.org/10.1016/j.rser.2014.03.055 

[6] Lawan I, Zhou W, Garba ZN, Zhang M, Yuan Z, Chen L. Critical insights into the effects of bio-based additives on biodiesels 
properties. Renew Sustain Energy Rev. 2019; 102: 83-95 https://doi.org/10.1016/j.rser.2018.12.008 

[7] Kumar D, Singh B. Tinospora cordifolia stem extract as an antioxidant additive for enhanced stability of Karanja biodiesel. 
Ind Crops Prod. 2018; 123: 10-16 https://doi.org/10.1016/j.indcrop.2018.06.049 

[8] Valenga MGP, Boschen NL, Rodrigues PRP, Maia GAR. Agro-industrial waste and Moringa oleifera leaves as antioxidants for 
biodiesel. Ind Crops Prod 2019; 128: 331-337 https://doi.org/10.1016/j.indcrop.2018.11.031 

[9] Devi A, Das VK, Deka D. Evaluation of the effectiveness of potato peel extract as a natural antioxidant on biodiesel oxidation 
stability. Ind Crops Prod 2018; 123: 454-460 https://doi.org/10.1016/j.indcrop.2018.07.022 

[10] Tongcumpou C, Usapein P, Tuntiwiwattanapun N. Complete utilization of wet spent coffee grounds waste as a novel 
feedstock for antioxidant, biodiesel, and bio-char production. Ind Crops Prod 2019; 138: 111484 
https://doi.org/10.1016/j.indcrop.2019.111484 

[11] Roveda AC, de Oliveira IP, Caires ARL, Rinaldo D, Ferreira VS, Trindade MAG. Improving butylhydroxytoluene activity with 
alternative secondary antioxidants: High synergistic effect in stabilizing biodiesel/diesel fuel blends in the presence of pro-
oxidative metal. Ind Crops Prod 2022; 178: 114558 https://doi.org/10.1016/j.indcrop.2022.114558 

[12] Alberici RM, Simas RC, Abdelnur P V, et al. A highly effective antioxidant and artificial marker for biodiesel. Energy Fuel. 
2010; 24(11): 6522-6526 https://doi.org/10.1021/ef100968b 

[13] van der Westhuizen I, Focke WW. Stabilizing sunflower biodiesel with synthetic antioxidant blends. Fuel. 2018; 219: 126-
131 https://doi.org/10.1016/j.fuel.2018.01.086 

[14] Rankov Šicar M, Mićić R, Tomić M, Đurišić-Mladenović N. Efficiency of different additives in improvement of oxidation 
stability of fatty acid methyl esters with different properties. J Serb Chem Soc. 2021; 86: 739-752 
https://doi.org/10.2298/JSC210209029R 

[15] Botella L, Bimbela F, Martín L, Arauzo J, Sánchez JL. Oxidation stability of biodiesel fuels and blends using the Rancimat and 
PetroOXY methods. Effect of 4-allyl-2,6-dimethoxyphenol and catechol as biodiesel additives on oxidation stability. Front 
Chem. 2014; 2: 43 https://doi.org/10.3389/fchem.2014.00043 

[16] Neumann A, Jebens T, Wierzbicki V. A method for determining oxidation stability of petrodiesel, biodiesel, and blended 
fuels. Am Lab. 2008; 40: 22-26 https://www.americanlaboratory.com/914-Application-Notes/34716-A-Method-for-
Determining-Oxidation-Stability-of-Petrodiesel-Biodiesel-and-Blended-Fuels/ 

[17] Araújo S V, Luna FMT, Rola Jr EM, Azevedo DCS, Cavalcante Jr CL. A rapid method for evaluation of the oxidation stability of 
castor oil FAME: influence of antioxidant type and concentration. Fuel Process Technol. 2009; 90(10): 1272-1277 
https://doi.org/10.1016/j.fuproc.2009.06.009 

https://doi.org/10.1016/j.fuel.2018.07.123
https://doi.org/10.1016/j.fuel.2020.117074
https://doi.org/10.1016/j.bcab.2020.101514
https://doi.org/10.1021/acs.energyfuels.5b00450
https://doi.org/10.1016/j.rser.2014.03.055
https://doi.org/10.1016/j.rser.2018.12.008
https://doi.org/10.1016/j.indcrop.2018.06.049
https://doi.org/10.1016/j.indcrop.2018.11.031
https://doi.org/10.1016/j.indcrop.2018.07.022
https://doi.org/10.1016/j.indcrop.2019.111484
https://doi.org/10.1016/j.indcrop.2022.114558
https://doi.org/10.1021/ef100968b
https://doi.org/10.1016/j.fuel.2018.01.086
https://doi.org/10.2298/JSC210209029R
https://doi.org/10.3389/fchem.2014.00043
https://www.americanlaboratory.com/914-Application-Notes/34716-A-Method-for-Determining-Oxidation-Stability-of-Petrodiesel-Biodiesel-and-Blended-Fuels/
https://www.americanlaboratory.com/914-Application-Notes/34716-A-Method-for-Determining-Oxidation-Stability-of-Petrodiesel-Biodiesel-and-Blended-Fuels/
https://doi.org/10.1016/j.fuproc.2009.06.009


N. ĐURIŠIĆ-MLADENOVIĆ et al.: BIODIESEL SUPPLEMENTED WITH SYNTHETIC AND BIO-BASED ANTIOXIDANTS Hem. Ind. 77(1) 85-93 (2023) 

 93 

[18] Đurišić-Mladenović N, Kiss F, Škrbić B, Tomić M, Mićić R, Predojević Z. Current state of the biodiesel production and the 
indigenous feedstock potential in Serbia. Renew Sustain Energy Rev 2018; 81: 280-291 
https://doi.org/10.1016/j.rser.2017.07.059 

[19] Dunn RO. Effect of oxidation under accelerated conditions on fuel properties of methyl soyate (biodiesel). J Am Oil Chem 
Soc 2002; 79(9): 915-920 https://doi.org/10.1007/s11746-002-0579-2 

[20] Agarwal S, Singhal S, Singh M, Arora S, Tanwer M. Role of Antioxidants in Enhancing Oxidation Stability of Biodiesels. ACS 
Sustain Chem Eng 2018; 6(8): 11036-11049 https://doi.org/10.1021/acssuschemeng.8b02523 

[21] Zhou J, Xiong Y, Shi Y. Antioxidant Consumption Kinetics and Shelf-Life Prediction for Biodiesel Stabilized with Antioxidants 
Using the Rancimat Method. Energy Fuels. 2016; 30(12): 10534-10542. https://doi.org/10.1021/acs.energyfuels.6b02199 

[22] Spacino KR, Silva ET da, Angilelli KG, Moreira I, Galão OF, Borsato D. Relative protection factor optimisation of natural 
antioxidants in biodiesel B100. Ind Crops Prod 2016; 80: 109-114. https://doi.org/10.1016/j.indcrop.2015.11.034 

[23] Devi A, Das VK, Deka D. Ginger extract as a nature based robust additive and its influence on the oxidation stability of 
biodiesel synthesized from non-edible oil. Fuel. 2017; 187: 306-314 https://doi.org/10.1016/j.fuel.2016.09.063 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Procena stabilnosti biodizela sa sintetičkim i bio-antioksidansima 
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(Naučni rad) 
Izvod 

U radu je ispitana metoda ubrzane oksidacije pod pritiskom pomoću RapidOxy uređaja kao alternative 
za određivanje oksidacione stabilnosti biodizela. Pripremljen je biodizel od suncokretovog ulja i tretiran 
je antioksidansima: sintetičkim antioksidansom terc-butil hidrohinonom (engl. tert-butylhydroquinone, 
TBHQ), koji je poznat po svom snažnom zaštitnom dejstvu, i smeša jedinjenja sa antioksidativnim 
dejstvom ekstrahovana etanolom iz otpada vinarije, (engl. vinary waste ethanolic extract, VWEeth). 
Antioksidaciona moć aditiva TBHQ je ispitana pri različitim temperaturama (110 do 140 °C) i 
koncentracijama (250 do 2000 mg dm-3) primenom RapidOxy metode; procena odabranih rezultata je 
izvršena njihovim poređenjem sa relevantnim podacima dobijenim pomoću standardne Rancimat 
metode. Oba antioksidansa u svim testiranim dozama su pozitivno uticali na poboljšanje oksidacione 
stabilnosti biodizela, ali nisu sve doze dovele do postizanja minimalne stabilnosti definisane standardom 
EN14214. Najmanja doza aditiva TBHQ je pokazala dejstvo slično testiranim dozama ekstrakta VWEeth, 
ali ove doze nisu povećale indukcioni period iznad granične vrednosti od 8 h; dvostruko veća doza aditiva 
TBHQ je bila uspešna, povećavajući početnu oksidacionu stabilnost za faktor 2, što je utvrđeno pomoću 
obe korišćene metode. RapidOxy metoda se pokazala kao veoma brza metoda pogodna za ispitivanje 
velikog broja uzoraka, što je naročito važno za efikasno ispitivanje dejstva različitih vrsta i doza 
antioksidanasa.

Ključne reči: etanolni ekstrakt otpada 
vinarije; indukcioni period; Rancimat; 
RapidOxy; terc-butil hidrohinonTBHQ 
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