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Abstract

Considering the current world crisis and definite future energy challenges, biomass-to-fuel REVIEW PAPER

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- UDC: 604.4:662.6:579: 49.67:665.75
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 Hem. Ind. 77(1) 5-38 (2023)

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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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 COz, SOz, 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 TOa4 (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*, Ca?*, Mg?*, 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
+ Naz + K2)/Al = 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, Naz, K2, Ba, Sr, Mg, Cs2, Li2)a[Al2Sin-a02n]xH20, 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, Naz, K2) Al2Si10024:7H20 is presented in Figure 1.

(a) SiO, tetrahedron

bee
®oz

secondary building unit (cage)

Mordenite (MOR framework)

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 21% 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 215 century, up to about as many as 4,000 articles published annually nowadays. The attractiveness

@oce]

Y NC_ND 7



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

of zeolitic materials as catalysts for biodiesel production also tends to expand. Interest in this topic was almost negligible
at the beginning of the 21% century, at least according to published articles, while today there are more than 50 articles
published per year (Fig. 2).
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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
o Wide variation in chemical composition and disorder-order in the framework
Analcime PoII.ucit_e . Analcime conta_ins Na
Wairakite e Pollucite contains Cs
e Wairakite contains Ca
e Wide variation in chemical composition and disorder-order in the framework
Chabazite Horschelite e Chabasite crystals are Ca dominant, although K, Mg, and Na could be present
Willhendersonite e 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)
. . Am|C|te_ e The associated members could be considered disordered gismondine or Na-K-dominant
Gismondine Garronite . .
Gobbinsite gismondine
e These crystals have been divided into three sets of criteria, a gap in Si/Al mole ratio (Si/Al),
Heulandite Clinoptilolite a gap in Na-K-Mg-Ca-content, and a gap in the heating characteristics of the framework
e Clinoptilolite is often considered as Si dominant heulandite
Mesolite . Natro'lite, mesolitg{ and scolecite have a dominantly ordered framework, with different
. Scolecite chemlt.:al composmor? L . . .
Natrolite . e Natrolite, tetranatrolite, and gonnardite differ in the amount of disorder/order of Al and Si
Tetranatrolite .
Gonnardite in the framgwgrk and Na al?d Ca content ' '
e Tetranatrolite is often considered as a Na dominant gonnardite
S e These crystals have a single framework with a continuous chemical series ranging from K-
Phillipsite . . e . . . . .
Harmotome Wellsite Ca-Na-dominant in phillipsite to K-Ca-Ba-dominant in wellasite to Ba-dominant in
harmotome
o These crystals have identical morphology; the difference is in the ordering of Si/Al in the
framework, and the exchangeable Ca and Na ions
. o Stellerite has Ca as the exchangeable cation and most of the sectors in the framework are
i Barrerite .
Stilbite Stellerite orthorhombic

e Barrerite has also an orthorhombic structure with present Na, K, and Ca

o 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 124
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

i et Catalyst preparation Catalyst characteristics Ref.
KQH/cIino_ptiIoIite I-n?gr;rg(ar‘g?'\t;(t)ign under constant stirring at 60 °C for 24 h Content (XRF), %: (5i02) 60.6; (K;0) 25.5;
Clinoptilolite (Semnan, . - ;i (Al,03) 6.8; (Nay0) 1.2; (Fe;03) 1.1; (Ca0) 1.0; [45]
northeast of Iran) * KOH/clinoptilolite ratio of 1:4 (Mg0) 0.65; (Ti0) 0.11
e Drying and calcination at 400 °C for 5 h T ’
Mg/clinoptilolite
0/ . H
Green alkali modification (Clgrzcznié?));( )i /2’(')()M4§) 48'7’ (i) 20.8, (Al) 5.0,
e Mechanical activation o . S .
o Alkali modification (nitrate salts of Ca, Mg, K, and Na) (ZMQg/O)(;(gg);l(;hlr;optllohte) 24, 28.15;
K-/Na-/Ca-/Mg- under ultrasonic irradiation and magnetic stirring Specifi r'f N 3425 M2l (48]
/clinoptilolite (500 rpm) for1h pectlic surtace: ’ m, g
. . . L Total volume: 0.05 cm3 g1
. Gregn—tea solution reducing agent for 4 h with mixing, Average pore size: 19.6 nm
agemg.for 24 h. . o Basicity: 4.34 mmol g1
e Extensive washing, and drying (70 °C for 12 h) J (FTIR) / cmt: (water) 3412, 1640 3412, 1640;
(zeolitic structure) 1041, 466
Zeolite activation
KOH/zeolite o Sieved (230 mesh) Content (XRF), %: (Si) 40.7; (K) 38.7; (Fe) 10.2;
Bandung (Indonesia) e 6 M HCl for 4 h with stirring (Ca) 8; (Ti) 1; (Sr) 0.5 [46]
natural zeolite, KOH modification 2 0/ °(XRD): (KOH) 31, 34, 38; (zeolite) 13.4,
mordenite type. ® 50 % KOH + zeolite under ultrasonic radiation 19.6, 22.2, 25, 26.2, 27.6, 30.8
o Dried for 24 h and calcined at 450 °C for 4 h
NaOH/zeolite Pretreatment
- S . o . .
ggtmurfallg:\l?rﬁ)glohte Inlmr:ge;;;c(l): 1 % HF for 30 min, washed, and dried for 2 h Content (XRF), %: (Na) 20.5 (53]
Indonesia ® 2 M NaOH + zeolite for 24 h and dried for 2 h
Incipient wetness impregnation gont.?nt (/:fAS)’ %: (Kl_l,E4T.7-6111 6m2 el
o Natural zeolite was sieved (150-200 mesh) A;\)/eecrlalcesu O?,Cees?;’:?é 3 n)r.'n omg
K/zeolite ® 0.5 M H;S04 activation at 90 °C for 4 h 20/ °%XRpD)' (K O)' 3:'[ 39, 51, 55; (zeolite) (47]
Mordenite type o Washed & dried 124 194 39 92 37145 56 €06,
o Stirring with KNO3 for 24 h T e e
Lo o A (FTIR) / cm™: (broad peak) 3400-3700,
e Calcination at 400 °Cfor 4 h 1080 550
Impregnation
KOH/zeolite . Na.tural zeoli'ge was sieved (<50 mesh)
Natural zeolite Bayah * Dried at 1,10 F:for 24h - [49]
Banten (Indonesia) o KOH solution impregnated at 60 °C for 26 h
e Vacuum separated, dried for 24 h and calcined at
450 °Cfor4 h
IomNp;tefrgla;I:or;ite was crushed and dried Acid number of WCO: 2.92 mg KOH g
K20/zeolite N . Crystal phase (XRD): no K,O or KOH peaks are [50]
o KOH solution impregnated at room temp, dried for b d
24 h and calcined at 500 °C for 3 h observe
e Zeolite was treated with 30 % (v/v) H,0,, separated,
dried for 24 h, and milled (140 mesh)
K,COs/zeolite Impregnation
Natural zeolite from e Treated zeolite + (45 g / 60 ml H,0) K,CO3 (w/w=1:4), .
Tapanuli Utara, North mixed at 60 °Cfor 2 h Content (AAS): 11.24 % K,COs (51]
Sumatera, Indonesia e Dried at 60 °C for 24 h, vacuum filtrated, dried at 110 °C
for 24 h, and calcined at 450 °C for 4 h
o Milled (140 mesh)
Zeolite activation
Zeolite e Natural zeolite crushed and dipped with HoSO4 for 0.5 h, [54]

aged for 24 h
e Calcined at 450 °Cfor 2 h
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Catalyst designation

ri @ Catalyst preparation

Catalyst characteristics Ref.

Zeolite activation

e Natural zeolite crushed, sieved (0.25-0.5 mm), washed
and dried for 24 h

o Acid treated: 16 % HCl at room temp. for 12 h, washed,
dried, and calcined at 300 °Cfor 4 h

Natural zeolite:

Si/Al =3.98

Content (ICP-AES), %: (SiO;) 62.2, (Al,03)
13.3, (Ca0) 12.0, (Fe,03) 4.8, (Nay0) 3.1,

Na-zeolite/Fe,(SO4)3
Natural zeolite from

Kenya Cation exchange (MgO) - 1.6 [55]
Clinoptilolite and o H-zeolite: 0.1 M NH4NOs refluxed at 80 °C for 3 h, dried, g 4 . .
T - o A (FTIR) / cm™: bands typical for zeolites at
kaolinite type and calcined at 300°C for 4 h 3000-4000 (broad band), 1640, 500-1100
o Na-zeolite: 1 M NaCl refluxed at 90 °C for 72 h, washed, 400-500 ’ ’ ’
dried for 4 h and calcined at 300°Cfor 3 h
o Fe,(S0O4)s was added into reactor (w/w =1/2)
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/2)
Average pore radius, nm: 4.09 (Z), 5.84
. Impregnation (Ru/Z), 6.20 (Ag/Z), 6.38 (Pd/Z), and 6.67
Zeolite . L .
2 % Ru/zeolite ® Precursor salts: hexachloroplatinic acid, ruthenium (Pt/2)
2 % Ag/zeolite chloride, palladium nitrate, and silver nitrate NHs-TPD total acidity, mmol g1: 1.0 (2), 2.3 [56]
) ; Pg/zeolite e Dried for 2 h, calcined in air at 400 °C for 4 h, (Ru/2), 1.9 (Ag/Z), 1.9 (Pd/Z), and 2.1 (Pt/Z)
) (; Pt/zeolite and before the reaction reduced in 5 % H,-95 % Ar CO,-TPD, total basicity, mmol g1: 0.8 (Z), 0.6
? at 300 °Cfor 1.5 h (Ru/z), 0.5 (Ag/Z), 0.5 (Pd/z), and 0.6 (Pt/2)
Natural zeolite:
XPS: Si/Al = 4.42
Identified crystal phase(XRD): mordenite,
calcite, clinoptilolite and quartz
Table 4. Review of the optimal reaction conditions when using natural zeolitic materials as a catalyst/catalyst support
Optimal reaction conditions el e
Catalyst designation  Feedstock Reactor type o CC*, t(r) / Alcohol to oil molar - Ref.
T/°C . . version), %
wt.% min (volume) ratio
Continuous processes
WCO metha-
KOH/clinoptilolite ~ N°YSiS Microreactor 65 81  (13.4) (2.25:1) (97.4) [45]
Acid value of ’ ’ o ’
3.12 mg KOH/g
Batch processes
Mg/clinoptilolite ~ W¢O  Stiredbatch 4, 4 120 16:1 98.7 (48]
methanolysis reactor
70 % KOH/zeolite . .
Mordenite from Castoroil — Stirred batch o 17 420 15:1 92.11 [46]
S methanolysis reactor
Bandung, Indinesia
NaOH/zeolite Microalgal oil
Natural clinoptilolite (Chlore]la Stirred batch 60 3 4 (50:1) 368 53]
from Lampung, vulgaris) reactor
Indonesia methanolysis
K/zeolite Rice bran oil - Stirred batch ¢, 5 240 12:1 83.2 (47]
methanolysis reactor
KOH/ zeolite .
Natural zeolite bayah <O _ sStiredbatch g 3 120 7:1 94.8 [49]
. methanolysis reactor
banten, Indonesia
WCO methano-
K,0/zeolite lysis (HCl este-  Stirred batch o 25 120 8:1 95 (50]
rificationas a reactor
pretreatment
E;Ctgsglziggfiie from Rice bran oil Batch stirred
. . reactor (500 65 4 180 10:1 98.2 [51]
Tapanuli Utara, North methanolysis
rpm)
Sumatera
palm oil Batch stirred
Zeolite . reactor 65 0.75 120 14:1 85 [54]
methanolysis
(200 rpm)
Na-zeolite/Fe,(SO4)s Jatropha Batch stirred
Natural zeolite from curcas oil reactor 65 28.9 330 6:1 57 [55]
Kenya methanolysis (600 rpm)
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Optimal reaction conditions

Catalyst designation ~ Feedstock Reactor type o CC*,  t(r)/  Alcohol to oil molar YIEI(.j (i Ref.
T/°C . . version), %
wt.% min (volume) ratio
Zeolite Zeolite-67.2

2 % Ru/zeolite
2 % Ag/zeolite Autoclave 260 - 120 9:1 Ag/zeolite-71.6  [56]
2 % Pd/zeolite Pd/zeolite-73.8
2 % Pt/zeolite Pt/zeolite-94.6

*Catalyst content

Rapeseed oil Ru/zeolite-71.0

methanolysis

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 KNOs 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 K2COs 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* 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(S0a)s 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.

Structural parameters:
Surface area, m2g™: (SAR 15) 410;
(SAR 140) 450

g‘igzstMo-ilzo_q, Commgrcia! catalys.t . . Micropore volume, cm3g1: (SAR 15) 0.09;
ratio (SAR) of 15 e Calcined in the air at 550 °C for 5 h with a heating rate (SAR 1_40) 0.12 [59]
SAR of 140 of 2 °C min?! Pore size, nm: (SAR 15) 0.51x0.55;
(SAR 140) 0.53x0.56
NH3-TPD, mmol g1: (SAR 15) Brgnsted sites
0.27; (SAR 140) Brgnsted sites 0.99
S;i':é’,”d'”e' TGA: (Na-MAP) =20 wt.% H0 loss (25-350 °C)
Na-MAP Content (EDX),
AP Si/Al: (Na-MAP) 1.0; (K-MAP) 1.0;
CsK-MAP Cs- and CsK-containing zeolites: (CsK-MAP) 1.0; (K-A) 1.0; (CsK-A) 1.0;
KA e Na-form of zeolites A, MAP, X, and Y was treated with the  (K-Y) 2.5; (CsNa-Y) 2.5; (K-X) 1.2; (CsNa-X) 1.2
CsK-A solutions of CsNos and CsOH (4/1 v/v) at 80 °C for 1 h. Na/Al: (Na-MAP) 1.0; (K-MAP, CsK-MAP) 0.1;
FAU-based: e Washed and dried overnight at 80 °C. (K-A) 0.55; (CsK-A) 0.5; (K-Y) 0.2; [62]
Na-X ’ e Calcination in the air at 450 °C for 2 h with a heating rate (CsNa-Y) 0.35; (K-X) 0.4; (CsNa-X) 0.6
K-X of 1 °C min, N>-physisorption, BET, m2g:
CsNa-X Other zeolites were commercial (K-A) 15; (K-MAP) 45; (K-X) 615, (K-Y) 670.
Na-Y Total basicity (TPD-CO,), umol g1
oy (Na-MAP) 235, (Na-X) 275; (Na-Y) 320;
CeNa.y (K-Y) 345; (K-X) 390; (K-A) 420, (K-MAP) 430
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Catalyst designa-

tion and origin Catalyst preparation

Catalyst characteristics Ref.

NaBeta zeolite support

e NaOH + NaAlO; + tetraethylammonium hydroxide (TPAOH)

stirred at room temp. for 1 h.

o Silica gel is added, stirred (1 h).
e A cationic copolymer containing quaternary ammonium

groups (RCC) added dropwise

Mo-NaBeta [the resulting gel -

Mo-NaBeta catalyst

¢ Incipient wetness impregnation method with ammonium

molybdate.

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

Al,03/32Si0,/2Na,0/0.01RCC/2.6TPAOH/296H,0]
e Autoclave crystallization at 140 °C for 6 days.
e Filtered, dried, and calcined at 550 °C for 6 h.

26 /° (XRD): (NaBeta zeolite) 7.7, 21.4,
22.5,25.4,27.1

A (Raman) / cm™: (MoOs phase) 116, 129,

157, 246, 278, 338, 381, 668, 821, 997

Specific surface area (BET): 453 m2g! [63]
Average pore diameter: 5.4 nm

Vmesopore: 0.18 cm? g-l

Vmicropore: 0.13 cm3 gil

H4 hysteresis

ZIF-67 synthesis

e Cobalt nitrate + methanol and 2-methylimidazole +
HPW/ZIF-67 methanol were ultrasound treated for 15 min.
(HPW modified e Stirred at ambient temp. for 4 h, centrifuged, washed x3,

Co-based zeolite and dried overnight at 130 °C.
imidazole HPW/ZIF-67 synthesis

framework) e HPW + ZIF-67 was ultrasound treated for 30 min.
e Stirred at ambient temp. for 24 h, centrifuged, washed x3,

dried in vacuum at 200 °C.

Specific surface area (BET):

1137 m2 g1 (88.7 % micropore)

Average pore size: 3.16 nm

Ishoterm Type | with H3 hysteresis [67]
Basicity: 2.46 mmol g (Lewis/Brgnsted acid
ratio=0.18)

A (FTIR) / cmL: (HPW) 808, 889, 947, 1043

e Zeolite activation by calcination in air at 500 °C for 4 h

CaO/zeolite (autoclave).
(ZSM-5; CAS No. Impregnation

1318-02-1) e Calcium acetate + zeolite solution was aged for 12 h.
e Dried and calcined in the air at 700 °C for 3 h.

35 % CaO/zeolite

A (FTIR) / cm™L: (bi-carbonate group) 1640

and 1400; (Ca-O group) 528 [61]
TPD-CO,: (Desorption peaks) 87, 336, 634,

695 and 886 °C

MCM-22(P)
e Hydrothermal synthesis

NaAIO; + H,0 and NaOH + H,0 mixed, hexamethylenimine
added and stirred for 45 min, Aerosil 200 + H,0 was added
under vigorous stirring for 2 h.

Resulting gel (1 Si0,/0.09 Na;0/0.5 HMI/45 H,0/0.01

Al,0s)

Crystallization: stirred (600 rpm) at 135 °C for 8 days,
washed, and dried overnight at 75 °C.

Specific surface area (BET), m2 g1: 635, 205
(micropore), 430 (mesopore)

HMCM-36 MCM-36 Isotherm Type IV
(MWW zeolite e Swelling: MCM-22(P) + CTAB + TPAOH + H,0 (w/w; DRIFT pyridi d lg-: (B ted [65]
type) 1/5.61/2.44/21.4) stirred at 40 °C for 48 h; washed and . pyridine ads., Hmof g-= renste
dried at 75 °C. sites) 34.3; (Lles sites) 10.2
o Pillaring: swollen material + TEOS was stirred at 80 °C A (FTIR) / e 1087, 805, 595, 554
for 24 h; filtered, dried at 30 °C for 12 h. Samples + H,0
(w/w; 1/10) hydrolysed at 40 °C for 5 h, and dried at 30 °C.
e Two-step calcinations: 6 h at 450 °Cin N3 (1 °C min-1) and
12 h at 550 °C in the air (2 °C min).
HMCM-36
o lon exchange: 1 M NH4NOs solution for 8 h (pH 7, NH,0H),
filtered, dried and calcined at 500 °C for 5 h
L|pozyme-TVFM-8 Lipase immobilization ) . .
(Commercial o Zeolite + li ) 1 Chemical composition of zeolite:
FM-8 zeolite pase enzyme (2.5 mg mL1) + 0.1 M phosphate Nao 17[(Al03)1 10(Si05)0.45]1.34H,0 [66]
o buffer (pH 7) aged for 18 h at room temp : : :
mordenite type)
Specific surface area (BET): 224.2 m2 g1
Incipient wetness impregnation method Average pore diameter: 1.89 nm
. . o Phase (XRD): identified phase - Al;SiOs, BaO,
e ZSM-5 zeolite calcined at 600 °C for 6 h $r0 (monoclinic), and AOSIO
Ba-Sr/ZSM-5 e Impregnated with 6 wt.% of Sr(NOs), ! 273202 [60]

o Impregnated with 4 wt.% of Ba(NOs),
e dried for 12 h and calcined at 600 °C for 6 h

(orthorhombic)

A (FTIR) / cm™: (H,0) broad band at 3454 &
1636, (Lewis acid sites) 1490, (Brgnsted
acid sites) 1540-1630, (SrO & Ba0) 520-600
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Catalyst designa-

For e @ Catalyst preparation Catalyst characteristics Ref.

Rotational hydrothermal synthesis of 2D zeolite

e Hexamethyleneimine (HMI) as an organic structure-
direction agent, starting gel was 1.0 Al,03 : 30 SiO; :
2.5 Na;0 : 10 HMI : 580 H,0

e NaOH & NaAlO; were dissolved in H,0 + colloidal silica
(40 wt.%) & HMI and stirred for 3 h

e Crystallization: stirred autoclave at 140 °C for 4 days Content (ICP-OES), 2.1 wt.%: Na,
2D Na/ITQ-2 e Centrifuged, washed with H,O & ethanol and dried at 80 °C Na/Al = 1.2, Si/Al = 22
(Two-dimensi- e A precursor was suspended in aqueous Specific surface area (BET): 613 m2 g1 [64]
onal MWW-type cetyltrimethylammonium hydroxide/tetrapropylam- Vimeso / cm3 g1: 0.77
structure) monium hydroxide at 85 °C for 16 h Vmicro / €m3 g1: 0.08
e Delamination: ultrasound bath for 1 h at 50 °C & pH of 12.5 Type |V isotherm
e Washed, dried and calcined at 600 °C for 8 h
Solid-state ion exchange
e lon exchange with 1 M NH;NO3 at 80 °C for 8 h
e 1 mmol alkali & alkaline-earth acetate was mixed with
zeolite support and grinded (1:1 of molar ratio)
e Calcined at 600 °C for 10 h
Table 6. Review of optimal reaction conditions when using synthetic zeolite-based materials as catalysts/catalyst supports
Optimal reaction conditions Yield
Catalyst designation ~ Feedstock Reactor type .~ CC¥, . Alcohol to oil (conversion), Ref.
T/°C o, t/ min . N
wt.% molar ratio %
Stirred batch
. ng—s}ep rt(ea)ctionh N H (water to (o)
. e Hydrolysis (H) wit H-100 H N o H-(40
H-ZSM-5 WCO methanolysis water E77 E=5 240 Oél_)jil E-(63) [59]
e Esterification | with ’
ethanol
K-MAP Pressured stirred batch (96)
(K—form gf synthetic  Refined rapgseed oil high power dens.lty (Bio- 160 5 15 12:1 [TOF, [62]
gismondine based on methanolysis tege Initiator + single-mo- a1
) . h1=202]
the maximum Al P) de microwave system)
7 % Mo-NaBeta Rice bran oil methanolysis  Stirred autoclave (300rpm) 140 1.5 480 13.7:1 (84.6) [63]
Microalgal oil (Chlorella
0.25 HPW/ZIF-67 vulgaris) esterification ~ Autoclave 200 1 90 20:1 (98.5) [67]
and methanolysis
Ca0/zeolite Waste lard methanolysis Microwave (595 W) - 8 75 30:1 90.1 [61]
HMCM-36 Paimitic acid Stirred batch reactor 80 360 30:1 (100)  [65]
esterification
Lipozyme-TL/FM-8  WCO methanolysis ~ Stirred batch (200 rpm) R(Ozi';“ 4 1440 4:1 '”S('ﬁg'gg)a”t [66]
(E’;‘\Str_{,iss'\:: i W% Ba) ‘:’T‘]J:tfr'fa"r’lvglryg! Stirred batch (500 rpm) 60 3 180 9:1 87.7  [60]
2D Na/ITQ-2 2DMWW 110 i mathanolysis  Stirred batch (1000 rpm) 60 15 60 10:1 95 [64]

-type structure)
*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.

Zeolite

e Shale was crushed, sieved (<90 um), and calcined in
airat 800 °Cfor4 h

e Deferrization: 5 M HCl at 85 °Cfor 4 h

e Alkali activation: 1:1.5 m/m, 40 wt.% NaOH, heated in
air at 850 °C for 3 h, crushed

e Fused shale + sodium silicate + water, stirred (3 h),
aged at room temp. for 18 h

Co-Ni-Pt-FAU

FAU-type zeolite Specific surface area (BET), m2g: (H-FAU)

prepared from shale e Hydrothermal treatment: 100 °C for 24 h ) . [57]
rock (Wexford, NH,* zeolite (H-FAU) 571; (CO-Ni-Pt-FAU) 490
Ireland) ® 3x (2 M ammonium chloride+ zeolite stirred at room
temp. for 2 h, washed)
e 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 HCI), loadings of 1 wt.%
e Dried and calcined in air at 500 °C for 4 h
e Furnace slag was ground (<90 um) and calcined at
700 °Cfor3h
e 3MHClat100°Cfor2h
e Hydrated silica-gel (90 % of silica) was separated, 26/ ° (XRD): (zeolite structure) 24.7, 29.6,
Zeolite filtered, rinsed 2x, dried, powdered and dissolved in 6 39.2, 57.1
Steel furnace slag M NaOH + NaAlO, Mass loss temperature (TGA), °C: 100-150, [72]
e The solution was stirred at room temp. for 1 h and 450, and 800
another 1 hat 90 °C Specific surface area (BET): 10.3 m2g?
Crystallization
e |In autoclave at 100 °C for 6 h, filtered, washed, dried,
and calcined at 450 °C for 4 h
NaY zeolite
e Sieved kaolin + 40 wt.% NaOH (w/w=1:1.5) was
heated at 850 °C for 3 h; milled
e Activated kaolin + Na silicate + H,0 was stirred at 50
HY-kaolin °C for 1 h (pH=13.3); aged at 50 °C for 24 h and Content (XRF), %: (Al,03) 15.92; (SiO,)
Zeolite prepared crystallized at 100 °C for 48 h 58.11; (Ca0) 4.11; (Fe,03) 3.19, (Mg0) 1.22
from Iragj kaolin clay e Washed, dried at 110 °C for 16 h, and calcined in air 26/ f’(XRD): 6.3,15.8,23.8 [74]
faujasite structure ’ at500°Cforlh Specific surface area (BET):
HY zeolite 390 m2g165 % of zeolite Y purity
e NaY + 1 M NH4NO3 was stirred at 100 °C for 4 h
e 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
e Washed, dried, and calcined in air at 550 °C for 5 h
Impregnation 26/ °(XRD): (chitosan) 10, 20; (zeolite) 6.6,
Zeolite/chitosan/KOH e Zeolite/chitosan powder + KOH aqueous solution 9.8,22.2,22.4,25.7,26.6, 27.6, 28.1, 23.9;
Clinoptilolite zeolite (w/w=1:4) was stirred at 60 °C for 24 h; dried and (K20) 31.5,32.4 [68]
calcined at 450 °C for 4 h ’ A (FTIR) / cmL: 2874, 1668, 1348, 1021,
821, 703, 460.8
e Kaolin calcination at for 800 °C for 10 h -
. . Specific surface area (BET):
LTA-kaolin Hydrothermal synthesis 44.9 m2gt
Linde type A zeolite e 1.4 wt.% kaolin + H,0 + NaOH (kaolin/NaOH=1/2) at ’ . [73]
- R . o Content (NMR): Si/Al = 1.16
from kaolin 90 °C for 24 h; washed and dried at 110 °C for 24 h A (FTIR) / cm™: 1076, 804, 557, 474
e Calcination at 400 °C for 6 h ) ! ! !
Impregnation Content (EDX), wt.%: 137.2, (Na) 11.7, (Si)
Na/zeolite-chitosan * Chitosan + zeolite + methanol (S % v/v) mixed for i/(l)aié (Ilc,-:ls)sl(TgG'g))):;)i\t 700 °C
3 h + methanol (5 %) mixed for another 2 h ’ [69]

Clinoptilolite zeolite Specific surface area (BET):
3.73 m2g1 (8.3 for zeolite)

A (FTIR) / cm™%: 1560, 1021, 643
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Catalyst designation

L Catalyst preparation Catalyst characteristics Ref.
and origin
Phase (XRD): the complete transformation
of diatomite to CAN zeolite
Na/CAN Hydrothermal synthesis A (FTIR) / cmL: Typical CAN zeolite bands at
Cancrinite-type e Sieved with mesh No. 50 1036, 1003 and 966, 760, 683
zeolite e Diatomite + NaOH + Al,03 + H,0 stirred at 800 rom  TGA: evaporation of H,0 bounded in pores at [77]
Natural for 30 min at room temp. and aged for 30 min 300-400 °C; dehydroxylation of silanol groups
diatomaceous earth e Hydrothermal reaction at 220 °C for 12 h at =575 °C and change in aluminium structure
(Vietnam) e Washed, dried and calcined at 500 °C for 6 h on zeolite) at =800 °C
Specific surface area (BET), m2 g™
29.83 (fresh), 30.41 (spent)
Hydrothermal synthesis
e Clean shale was crushed, sieved (<90 um) and
calcined in air at 800 °C for 4 h
e Acid treated: 5 M HCl at 85 °Cfor 4 h
e Alkali fusion: 40 wt.% NaOH (1/1.5 w/w), heated at .
o Si/Al =1.98
FAU-type zeolite 850 °C for 3 h, crushed . Specific surface area (BET):
Irish shale rock e Hydrothermal treatment: fused shale + Na,SiOs + H,0 571 m2 gt [76]
stirred at room temp. for 3 h, aged for 18 h, Average particle size: 2 um
hydrothermally treated at 100 °C for 24 h ’
NH,4 form
e Prepared zeolite + 2 M NH4Cl stirred at room temp.
for 2 h, the procedure was repeated 3 times
e Washed, dried, and calcined at 500 °C for 4 h
T‘g?;/f\’rt:;lr::::!igt::;gl Geothermal solid waste composition, %:
e Solution of NaOH (heated at 100 °C and stirred at 300 (5i07) 75.1;123.3; Na20) 0.3; (Cl) 0.2;
. (Al,05) 0.1
Ni/zeolite rom) + Al(OH)s + geothermal waste was stirred for 2.h 5 o,y o). (0 haicime) 15.9, 26.1, 30.1; (NiO)
Geothermal solid at30°C o 43,0, 63.0, 75.0,79.0 [70]
waste * Hydrothermgl process: autoFIave at 100 °Cfor 6 h EDX: Ni was highly dispersed on the surface
e Washed until pH=7 and calcined at 500 °C for 5 h o .
. Specific surface area (BET):
Impregnation 81.9m2g?
e Ni(NOs); solution (5 % w/w) at 60 °C for 4 h Po're radius: 1.56 nm
e Calcined at 500 °Cfor 5 h T
d S:S;Ze(;”aax;;u‘; waste was washed, dried, and Content (XRF), %: (Fe) 9.3, (K) 8.2, (Cl) 6.7,
Hydrothermal synthesis (Ca) 6.7, (Si) 5.3, (S) 4.9, (P) 3.8, (As) 3.1,
Zeolite e 3 M NaOH + geothermal waste + Al(OH); was mixed (Al) 2.2, (Sb) 2.0, (Zn) 1.9, (Cu) 1.5
Geothermal solid & 3 Si/Al =2.39 [71]

waste (Indonesia)

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

26/ °(XRD): (analcime) 16, 26.1, 30.7
Specific surface area (BET):

2 5-1
for 5 h 2245m?g

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 m? g%, while by loading Mo, that surface area was certainly reduced, but it remained significant, higher than
400 m? 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.

Hydrothermal process

Catalyst
26/ ° (XRD): (sodalite zeolite) 14.1, 24.5,
31.8,37.9,43.2

Zeolite o Alkali treatment: NaOH + H,0 + NaAlO; solution and Specific surface area (BET): 9.7 m2 g1
e Coalfly ash NaOH + H,0 + fly ash solution formed sticky gel structure Isotherm type-IV [79]
zeolite, sodalite e Aged for 6 days Coal fly ash
type e Crystallized at 100 °C for 24 h Content (XRF), %: (SiO,) 68.4, (Al,03) 14.8,
e Washed until pH 9.0 and dried for 24 h (Fe,03) 7.9, (Ca0) 3.8, (K,0) 2.5, (Ti0,) 1.2,
(S0s) 0.6, (MgO) 0.3, (ZrO,) 0.1
Specific surface area (BET):3.4 m2 g
FA/Na-X : _
FA/KX e The conventional hydrothermal synthesis procedure Ege?:?;;csslgrzf/ﬂé?r;aliggﬂ' 257 m2 g
. FA/K-X ' ’
e Zeolite from . . Phase (XRD), 20°: 12, 14, 24
South African  * FA/Na-Xwas dried for 2h + 1 M solution of A (FTIR) / cmt: 300-430, 500-600, 620, 740,  13°)
class F fly ash K acetate (v/y—l/lO), agedfor24 hat70°C. ' 950
e Washed, dried at 120 °C for 2 h, and calcined in air Base strength: 15.0<4 <18.4
at 500 °C for 2 h. ETh: To.DeH =S
Alkali activation: . L
o Sieved fly ash + 0.5 M NaOH stirred at 80 °C for I(_':'/Gl\l)?Lr:jzlf\:vre?g:t_lols-slz650 °C and =775 °C
1h; washed .and dried at 100 Fifor 3h. o Phase (XRD): NaY and Li,COs peaks are not
e Grounded with NaOH and calcined at 850 °C for 2h. - - - e
. visible, new peaks of LiAlO;, LisSIO4, Li,SiOs,
Hydrothermal synthesis: and LisNaSiO, emerged
Li/NaY e Molar ratio of Al,03:Si0;:Na;0:H,0 = 1:8.8:4.3:250; Specific surface area (BET):
e 7Zeolite from stirring and ageing for 12 h. 105.7 mg? ’
Chinese coal fl e Crystallization at 100 °C for 10 h, washed and dried. Average Pore size: 6.3 nm [85]
ash v Microemulsion-assisted co-precipitation: Basicitg 124 mm;:>l ey
e Ultrasound treated for 0.5 h (H,O + isooctane + Basic s\t/;eng.th' 15<Hg <’18 4
polyethylene glycol + n-propanol + NaY zeolite + Li,CO4) . T An e
e 1 M Na,COs3 was added in droplets under stirring at 60 °C ggTIR) / em: 3574, 3426, 1446, 952, 628,
for1h;agedfor12h at. 60°C. . .~ Fresh and catalyst exposed to air for 10 days
e Washed x3, vacuum dried for 12 h, and calcined at 750 °C had very similar FTIR orofile
for4 h (3 °C min?) Y P
Thermo-chemical treatment 29/. (XRD): (I|'me)'37.5, 43.7,63.4 .
. o Zeolite crystallite size: 47.8 nm; crystallinity
e Fly ash was calcined at 850 °C for 2 h degree of 81 %
e Acidification: 6 M HCI (S/L=1:5) at 80 °C for 6 h, filtrated, Catgalyst crystanllite size: 23.4 nm; crystallinity
washed (pH neutral), and dried desree of 83 % T !
. . . (1]
Ca0/ZMea Alkali activation . . . A (%TlR) / cm: (Zeolitic structure) 961, 684,
« Lignite coal fly ash °6 M.NaOH (S/L=1:5) aF 260 °C for 4 h in the rotating . 626, 557; (CaO) 1436
(Serbia) miniature aut.oclav?, flltrated,.washed (pH 9), and dried Por(’)sity ’%: (zeolite) 13.3; (catalyst) 86.5 [29]
e (CaOo from eggshell Ultrasound-asswtec.i impregnation . o Specific surface area, m?g: (zeolite) 15.7;
o Raw eggshells, dried, grounded, and calcined at 900 °C for (catalyst) 22.6
4h S .
o Calcined eggshells + 10 wt.% zeolite alcoholic suspension (Ac\;.tglmsi)dllagn;eter, nm: (zeolite) 13.5;
ultrasonically dispersed for 15 min H2 htheresi's type;
o Dried and calcined at 550 °C for 4 h TPD-CO,, umol g: 62.0
SC-Na e Fly ash + (3 M HCl + 4 M H,S04) (w/w=1/2) mixed at 60 °C
e Zeolite from for 1.5 h; washed and dried Content (XRF), %: (Na;0) 60.2; (SiO,) 27.4; [84]
Korean coal fly e Precursor + NaOH mixed (w/w=1:3) and calcined at (Al,03) 3.6; (Fe;03) 1.4; (TiOy) 1.4; (Ca0) 1.3
ash 700 °Cfor3 h
Alkaline fusion: Si/Al molar ratio = 3.16
e Calcined at 850 °Cfor2 h Specific surface area (BET):
Zeolite X ¢ 10 % hydrochloric acid at 80 °C for 1.5 h 727.7 mgt
« Indian F-type coal e Fly ash + NaOH (w/w=1/1.5) at 550 °C for 1 h Type Il isotherm, H3 hysteresis [83]

fly ash

Hydrothermal treatment:

e Fusion mixture + H,O + 20 wt.% Na aluminate was
crystallized at 90 °C for 8 h; washed and dried

e Calcined at 500 °Cfor 2 h

(XRD): major phase was quartz, crystalline
mullite, and less intense hematite and
amorphous glassy phase.

Average particle diameter: 2-5 um
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Catalyst designation

ri @ Catalyst preparation Catalyst characteristics Ref.
Zeolite activation
AZ-KX e Calcination at 800 °C for 2 h Cation exchange capacity:
e (Acid-treated X e Acid treatment: hydrochloric acid (10 %) at 80 °Cfor 1 h. 380.6 meq 100 g
zeolite ion- o Alkaline fusion: fly ash/NaOH=1:1.2; 1 h at 550 °C; Specific surface area (BET):
exchanged with K) 30 wt.% of Na aluminate for Si/Al ratio control 334.7 m2gl [81]
e Zeolite prepared e Hydrothermal crystallization: 110 °Cfor 12 h Type Il isotherm, H3 hysteresis
from Indian coal lon exchange A (FTIR) / cm™: 1467, 982, 756, 675
fly ash e 1 M Potassium acetate + zeolite (S/L=1:10) heated at 60 TGA: 9 % at 950 °C

°C for 24 h; washed, dried, and calcined at 500 °C for 2 h
Hydrothermal treatment:
26Hydroxy sodalite e 6 M NaOH + fly ash (1:1.2 w/w) aged (800 rpm,

XRD: (crystallinity) 18 %; (crystal size) 21.1 nm
Content (EDS), %: (Al) 16.5, (Si) 13.3, (Na) 4.9,

e South African coal 70°C,and1.5h) [82]
fly ash e Hydrothermal crystallisation at 140°C for 24 h; washed (S(i:/aA)IZ-jd (8Fle) 1.1,(Mg) 1.0, (0) 59.4
(until pH 10), and dried e
. Fly ash was class F
Ihsr';';’hcwh:;"c';f‘cll:;f;:t“;s“; cCtorah Si/Al (zeolite) = 2.28; Si/Al (catalyst) = 1.94
Y ash We . . Content (ED XRF), %: (Ca0) 50.0, (SiO5) 24.1,
e Acidification: 6 M HCI (S/L=1:5) at 80 °C for 6 h, filtrated, (Ah05) 12.7, (Na»0) 10.1, (Fe,05) 1.9, (MgO) 1.2
: 203 7, 2 .1, 203) 1.9, .
Almisz‘z:ji\fs:or:\emral)' and dried (XRD): lime, gismondine, and d-dicalcium
CaO/FA-ZM o . . silicate phases identified
L e 6 M NaOH (S/L=1:5) at 260 °C for 4 h in the rotating 1 o
e Lignite coal fly ash miniature autoclave, filtrated, washed (pH 9), and dried A (FTIR) / cmL: (Zeolitic structure) 543; (Ca0) [42]
(Serbia) ' g pH ) 1415, 871

Hydration-dehydration method

e Raw eggshell was washed, dried, ground, and calcined at
900 °Cfor2h

e Hydration: activated eggshells + 10 wt.% zeolite water
suspension stirred (700 rpm) at 60 °C for 6 h

e Dried and calcined at 650 °C for 4 h

e (CaO from eggshell Porosity: (zeolite) 82.9 % (catalyst) 87.8
Specific surface area, m2g: (zeolite) 21.1,
(catalyst) 18.7

Average particle size, um: (zeolite) 36.4,
(catalyst) 17.7

Basicity, mmol g1: (zeolite) 0.36, (catalyst) 23.2
26/ ° (XRD): (kaliophilite) 20.85, 26.5, 26.7,
33.3,40.9

A (FTIR) / cmL: (Kaliophilite structure) 985,
698, 607, 561, 480

(Adsorbed water) 3446, 1656 [87]
Specific surface area (BET): 3.5 m2g1
Average pore size: 20.9 nm

Type IV isotherm, H3 hysteresis

Basic strength: 9.8<H_<15

Fly ash-based geopolymer

e Water glass + KOH (S/L=1.5) + fly ash stirred for 5 min,
aged at 80 °Cfor 24 h

Hydrothermal synthesis

e Geopolymer + 6 M KOH at 180 °C for 24 h, washed, dried,
and granulated (0.15-0.315 mm)

Kaliophilite

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

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*, Ca?*, and Mg?* 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* > Ca?* >Li* = Mg?*. 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 m? g%, 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 m? g* and the increased number
of Brgnsted 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 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 m? g* and external surface area
of 129 m? g, 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 Al20s and Na20. 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 m? g?)
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 H2S0s, 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 H2504, 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.

21



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

Table 9. Review of reaction conditions when using zeolitic materials obtained from natural or waste sources as catalysts/catalyst supports
Optimal reaction conditions

Catalyst designation Feedstock Reactor type o CC*, t(r)/ Alcoholto oil Yle"?l oy Ref.
T/°C ; . version), %
wt.% min molar ratio
Continuous processes
Co-Ni-Pt-FAU Oleic acid Fix-bed tubular re-
Shere rock originated ethanolysis actor (10x650 mm) 70 ) (180) ) 3 [57]
Batch processes
Co-Ni-Pt-FAU Oleic acid Batch stirred
Shere rock originated ethanolysis reactor 70 ) 20 6:1 89 [57]
HY-kaoline Oleic acid Batch stirred
Fujasite type zeolite from esterification 70 5 60 6:1 (85) [74]
. . reactor
kaolin (ethanolysis)
WCO methanolysis Electrolysis-assisted
Zeolite/chitosan/KOH (1wt.% acetoneas (40V, 2 wt.% H,0) .
Clinoptilolite zeolite cosolventand 2 stirred (400 rpm) ) ! 180 71 3 [68]
wt.% of H,0) batch reactor
LTA-kaolin . .
Linde type A zeolite from T”°'he'” e Batch stirred 629 72 146 36.6:1 92840  [73]
kaolin methanolysis reactor (600 rpm)
Electrolysis assisted
N (40 V, 2 wt.% H,0 +
Na/zeclite-chitosan wco . 10 wt.% acetone) 25 1 30 8:1 96.5 (69]
Clinoptilolite zeolite methanolysis .
stirred batch
reactor (400 rpm)
Na/CAN
Natural diatomaceous Soybean oil Batch stirred .
earth (Vietnam) cancrinite- methanolysis reactor (600 rpm) 63 20 0 20:1 (98) (771
type zeolite
FAU-type zeolite Oleic acid Batch stirred
typ esterification 70 5 90 6:1 (78) [76]
Irish shale rock reactor
(ethanol)
. . WCO simultane- .
Ni/zeolite ous methanolysis Catch stirred 60 3 240 12:1 89.4 [70]
Geothermal solid waste . L~ reactor (400 rpm)
and esterification
Zeolite Xivn('iglta neous
Geothermal solid waste . Autoclave 300 5 60 4:1 98.3 [71]
. methanolysis and
(Indonesia) e
esterification
Zeolite WCO Batch stirred
Steel furnace slag methanolysis reactor (500 rpm) 62 3 240 12:1 96 [72]

*Catalyst content

The obtained material had a poorly developed surface area (about 10 m? g1), but showed respectable activity, probably
due to residual Na20 from the synthesis process (washing step until neutral pH was not applied). Perhaps the active Na20
loaded in this way can be also the explanation for a gradual decrease in the catalyst activity in 3 repeated cycles, due to
probable Na20 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 m? g). 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™%.

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 Si** and
Al** 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

Optimal reaction conditions

Catalyst designation Feedstock Reactor type T/ CC* t/ Alcoholtooil Y|elq (cor;— Ref.
o : . version), %
C wt% min molar ratio

Zeolite Soybean oil Batch stirred .

Coal fly ash zeolite, sodalite type methanolysis reactor (300 rpm) 65 4 120 12:1 95.5 [79]

FA/K-X . .

Fujasite zeolite type from South sunflower O.II Batch stirred 65 3 480 6:1 83.5 [86]

. methanolysis reactor (600 rpm)

African class F fly ash

Li/NaY Castor oil Batch stirred .

Zeolite from Chinese coal fly ash  ethanolysis reactor (400 rpm) 7> 3 160 18:1 98.6 [85]

CaO/ZMFA . .

Lignite coal fly ash (Serbia) sunflower oil Batch stirred 60 4 120 12:1 (96.5)  [29]
methanolysis reactor (850 rpm)

CaO from eggshell

SC-Na Soybean oil Batch stirred 301

Zeolite from Korean coal fly ash  methanolysis reactor (200 rpm) >0 2 180 5cm?g™ oil 95 [84]

Zeollite X Soybean oil Batch stirred .

Indian F-type coal fly ash methanolysis reactor 65 3 480 6:1 81.2 [83]

AZ-KX zeolite Mustard oil Batch stirred

X zeolite from fly ash methanolysis reactor 65 > 420 12:1 (84.6) [81]

Hydroxy sodalite Maggot oil Batch stirred .

South African coal fly ash methanolysis reactor 60 15 20 15:1 86 [82]

CaO/FA-ZM . .

Lignite coal fly ash (Serbia) sunflower oil Batch stirred 60 6 30 6:1 97.8)  [42]
methanolysis reactor (850 rpm)

CaO from eggshell

Kaliophilite . .

Circulating fluidized bed fly ash ~ canolaoil Batch stirred 85 5 360 15:1 99.2 (87]
methanolysis reactor

(Inner Mongolia, China)

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

S(aezfglfattion Reactor type Catalyst stability/reusability Ref.

Mg/clinoptilolite Stirred batch reactor At least 5 cycles [48]

K-MAP Pressured stirred batch high power At least 3 cycles (catalyst was washed with methanol 3x and 62]

density (microwave system) reactor calcined at 450 °C for 2 h)

7 % Mo-NaBeta  Stirred autoclave Conversion decreases by 18 % after the first cycle, and after that 63]
for the next three remains stable.

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

35 % CaO/zeolite Microwave reactor After 2" cycle yield felt t018.3 %. [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 3 cycle yield has significantly dropped (the catalyst was (81]
washed with methanol and calcined at 300 °C for 2 h)

FA/K-X Stirred batch reactor After 2" 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 (85]
restored to 91.6 %

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 2" cycle from 98 to 46 %. Regeneration is possible (77]
with calcination at 500 °C for 6 h.

K/zeolite Stirred batch reactor Yield drops in the 2"d and 3 cycles from 81.9 to 62.7 % and 52.3 (47]
%, respectively.

K>0/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, (70]
respectively
Zeolite Autoclave Yield drops from 98.3 to 58.93 %, from the first to the third cycle, (71]
respectively

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, Q, 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 NaAlO; 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 m? g’ vs. about 24 m? g%, 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 m? g'! 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/Li.COs 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, Al203, and SiO.. 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 m?
gl) 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 m? g*. The same pattern of the specific surface area decreases from 193 m? g* to 18 m? g%, 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 m? g! (starting fly ash had only 2 m? g) 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 m? g 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 m? g%), 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.

< OH
HaC )L

0 o o>R!
Catalyst )j\
o + 3R—OH —> MO\ N2 OH
© )J\
= HaC
o R2 3 \O RS

R3 S

R1

o]

OH

5 TAG Alcohol FAAEs Glycerol

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=0 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=0 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=0 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.
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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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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 3" 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: Brgnsted acid sites, and Lewis acid and base sites. Protons of -NH and HPW
represented Brgnsted 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 Brgnsted 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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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
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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 t0 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 to 630 mg kg?). 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', 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 K,0/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 LisNaSiOa4) in favour of
Li2SiOs 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 dm3[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'[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
stillimposed 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
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(Pregledni rad)

Izvod

Imajudi u vidu trenutnu svetsku krizu kao i buduée energetske izazove, transformacija biomase u goriva
ponovo dobija veliku paznju zakonodavaca i industrije. Znajuci ovo, valorizacija ulja i masnoca putem
reakcija transesterifikacije/esterifikacije postaje atraktivan metod za proizvodnju kvalitetnog biodizela
pogodnog za postojece dizel motore. Veliko interesovanje naucnika ukazuje na znadajan pomak ka
valorizaciji industrijskog otpada kao jo$ jednom pristupu za razvoj ekoloski 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 odrZivog razvoja. Zeolitni
materijali su veoma pogodni zbog svojih izvanrednih kataliti¢kih svojstava, ukljucujuéi intrinsic¢ke kisele
centre, jednostavno nanosenje baznih centara, strukturnu selektivnost i veliku termicku stabilnost. Cisti
zeoliti, ili modifikovani nanosenjem aktivnih centara, klasifikovani su u nekoliko grupa u ovom radu u
skladu sa njihovim poreklom. Za svaku od razli¢itih grupa zeolita, najrelevantniji skorasnji literaturni
rezultati predstavljeni su zajedno sa kritickim razmatranjem efikasnosti katalizatora, stabilnosti,
moguénosti ponovne upotrebe i ekonomicnosti njihove sinteze. Kao vazan deo neophodan za
razumevanje i optimizaciju procesa, detaljno su razmotreni mehanizmi reakcije. Na kraju, paZzljivo su
identifikovani i obrazlozZeni kljucni perspektivni pravci za dalja istrazivanja.
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