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Abstract

Coal fly ash (CFA) is generated during the combustion of coal for energy
production. Many studies are based on its utilization as the most abundant, cheap
aluminosilicate industrial residue, which is recognized as a risk for the environment
and human health. The present review is focused on CFA origin, chemical proper-
ties, and its catalytic application for biodiesel production. The aluminosilicate
nature and the presence of rare earth elements make CFA suitable for different
adsorption, catalytic, and extraction processes for obtaining valuable products
including alternative fuels and pure elements. However, the presence of toxic
elements is a potential environmental problem, which should be solved in order to
avoid soil, water, and air pollution. The most used modification methods are alkali
activation, hydrothermal, and thermal treatment that improve the structural, mor-
phological, and textural properties. The active catalytic form could be obtained by
impregnation or ion exchange method. It was found that such synthesized materials
have significant catalytic potential in the biofuel chemistry. In the case of biodiesel
production, the high values of conversion or yield can be achieved under mild
low-energy reaction conditions in the presence of low-cost waste-based catalysts.

Keywords: coal fly ash, waste materials, zeolites, catalyst, transesterification,
biodiesel

1. Introduction

In recent decades, we have witnessed more and more stories about energy,
energy efficiency, fossil fuels reserves, and alternative energy sources. The depen-
dence of the world on the fossil fuels is a topic of discussion by many scientists,
researchers, and environmental activists worldwide. Biodiesel, as a biofuel, with
numerous advantages (biodegradability, lower content of CO,, SO,, and hydrocar-
bons during combustion, high flash point, high lubricant properties, and high
octane number) is a serious competitor to fossil diesel [1, 2]. Also, very important is
the fact that biodiesel obtained in accordance to standard does not require modifi-
cation of existing diesel engine [3]. Modern science and chemical technology know
the following concepts of biodiesel production: base-catalyzed transesterification
(homogeneous or heterogeneous), acid-catalyzed esterification and transesteri-
fication [4-7], biodiesel synthesis catalyzed by bifunctional heterogeneous solid
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catalysts [8-10], enzyme-catalyzed transesterification [11-13], deoxygenation

[14, 15], and supercritical methanolysis [16, 17]. In order to intensify biodiesel
production, existing processes are modified in terms of treatment of reaction mix-
ture by ultrasound [18-20] and microwave [21-23]. However, the modern concept
of biodiesel production is focused on synthesis of the new catalytic systems, use of
different triacylglycerol (TAG) feedstock, and improved batch and continuous
reactor systems. Also, it is very important that nowadays investigations are based
on the concept of low-cost production, i.e. that waste materials from various
production processes are basis for catalysts, and waste feedstock as the main
source of TAG.

The numerous disadvantages of homogenous base and acid catalysts, such as
soap formation, catalyst recovery, high corrosion, and inhibition by water [1, 24]
can be replaced using heterogeneous catalysts such as alkaline [25] and alkaline
earth metal oxides [2, 26, 27], mixed oxides [28-30], modified layered double
hydroxides [31-34], zeolites [35-37], sulfonated solids [38], ion exchange resins
[39-41], supported heteropolyacids [42, 43], etc. In order to design new catalysts
based on the modern concept of environmental protection, greatest attention of
many scientists is directed at investigation of different waste materials (fly ash from
coal-fired power stations (CFPSs), biomass fly ash, agricultural and animal waste,
industrial waste reach in calcium such as mud and slug, and natural sources) for
potential catalyst synthesis, which can often be very dangerous and leave a lasting
impact on the environment. Using such materials has double benefit. The environ-
mental and financial problems of disposal of hazardous materials can be solved,
while such material can be used as a catalyst for biofuel production.

A particular challenge in the production of biofuels, primarily biodiesel, is the
adaptation of the aforementioned catalytic systems in biodiesel production from
waste TAG feedstock (non-edible oil, waste frying oil, and oil with high free fatty
acid content), and also from TAG from sources (microalgae) related with the
modern generation of biodiesel.

This review will be focused on the valorization of coal fly ash as a waste material
in order to synthesize catalyst support or catalyst for biodiesel production using
various modification techniques such as alkali activation, hydrothermal and thermal
treatment, impregnation, and ion exchange.

2. Coal and coal fly ash: types, resources and utilization
2.1 Coal

Coal is a solid fossil fuel derived from fossilized plant matter by the process of
coalification. As a geological process, over millions of years under suitable condi-
tions (high pressure and temperature), coalification starts with dead plant matter
firstly decaying into peat, and then converted into lignite, sub-bituminous, bitumi-
nous, and finally anthracite coals.

The classification into four main ranks, or types, namely lignite (lowest rank of
coal), sub-bituminous, bituminous, and anthracite (highest rank of coal), is based
on the content of carbon as primary coal constituent. Coal is a complex organic—
inorganic system composed of mostly organic matter (non-crystalline carbon com-
pounds) associated with petrographic maceral components, and, to a lesser extent,
of inorganic matter. The inorganic constituents in coal include mineral (crystalline)
matter, glassy (amorphous) matter and gas-liquid inclusions (fluid) matter [44].
The elements present in the coal are classified into three groups depending on their
concentration: (1) major elements (>0.1%): C, H, O, N, S; (2) minor elements



Solid Green Biodiesel Catalysts Derived from Coal Fly Ash
DOI: http://dx.doi.org/10.5772/intechopen.91703

(0.01-0.1%): Si, Al, Ca, Mg, K, Na, Fe, Mn, Ti (ash-forming elements), and
occasionally Ba, Sr, P, and halogens (F, CI, Br, I); (3) trace elements (<0.01%): As,
B, Cd, Hg, Mo, Pb, which are considered hazardous pollutants [45].

Coal is the second most important fossil fuel resource for energy production,
covering around 30% of global primary energy consumption [46]. The world
currently consumes over 7.7 billion tons of coal which are used primarily in coal
combustion processes for power generation. Bituminous, sub-bituminous and
lignite are the principal energy resources in power generation with 40% of globally
generated power [47]. It is reported [48] that total proved reserves at the end of
2018 were 1.055 trillion tons, enough to last about 137 years at the current rates of
consumption. Nowadays, coal is simultaneously the fossil fuel with the highest
carbon content (anthracite: 90-95% C, bituminous: 76-90% C, sub-bituminous:
72-76% C, lignite: 65-72% C) per unit of energy and the fossil fuel with the most
abundant resources in the world.

As the most abundant low-cost energy resource, coal has various applications in
many commercial processes, including power generation, iron and steel production,
cement manufacturing, and production of liquid fuels. The most common and
important use of coal is thermal (steam) coal utilization by pulverized coal com-
bustion for the production of electricity and heat in CFPSs. However, coal utiliza-
tion technologies generate considerable amounts of greenhouse gases, primarily
carbon dioxide (CO,) due to the higher carbon content of coal, pollutants (NOy,
SOy), and solid particulates [49]. Therefore, the utilization of thermal coal without
or with reduced CO, emissions is a major technological challenge [50]. Accordingly,
to obtain future benefits from enormous low-cost coal reserves, various efforts are
necessary in order to avoid environmental risks. The promising technological solu-
tions are clean coal technologies: cleaner and more efficient technologies for coal
combustion, including supercritical coal plants, more efficient industrial boilers,
fluidized bed combustion, as well as coal gasification, and various “end-of-pipe”
pollution abatement technologies for CO, capture and storage [51].

2.2 Coal fly ash

Coal ash, an industrial solid waste, is generated from pulverized coal combustion
during electricity production in CFPSs. Over 70% of coal combustion residues (fly
ash, bottom ash, boiler slug, and solid flue-gas desulfurization residues) contain
CFA, captured by electrostatic precipitators (particulate collection equipment of
flue emissions) [52], and bottom ash from the hoppers under the economizers and
air preheaters of large pulverized coal boilers [53]. CFA is the most massive light-
weight ash particulates, ranging from 0.5 to 300 pm dominantly spherical in
shape-solid or hollow (cenospheres) [54, 55]. The major parameters affecting the
characteristics of CFAs are phase-mineral and chemical composition of parent coal
and coal combustion conditions in pulverized CFPSs (boiler temperature and its
configuration, particulate control equipment, and size of feed coal) [56]. CFAs are a
complex inorganic—organic mixture (316 individual minerals and 188 mineral
groups are found in coals and CFAs) and as such complicated for identification and
characterization of their constituents [57]. CFAs are a complex system with the
unique, multicomponent, heterogeneous and variable composition of their
inorganic, organic, and fluid constituents.

The principal CFAs inorganic components (90-99%) are silicon dioxide (SiO,)
both amorphous and crystalline, aluminum oxide (Al,0O3), ferric oxide (Fe,03), and
calcium oxide (CaO), the main mineral constituents of coal-bearing rock strata
(coal seams) [58]. CFAs are also composed of variable amounts of some rare earth
elements (Ce, Gd, La, Nd, and Sm) [59], and trace elements (e.g. As, Se, Cd, and Cr)
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originating from a parent coal that make it potentially toxic [60] (Section 2.1). The
bulk chemical composition and loss on ignition of CFAs (expressed as oxides) col-
lected from various countries is shown in Table 1.

CFAs have a bulk chemical composition containing various metal oxides in the
order: SiO; > AL,O3 > CaO > Fe,05 > MgO > Na,0 > K,0 > TiO, (Table 1). The
bulk chemical composition suggests that the CFAs are aluminosilicate with higher
concentration of calcium oxide than ferric oxide.

Table 2 shows the content of rare earth elements (REEs) in different countries.
It is noticeable that content of some elements varies from region to region. The most
abundant REEs are cerium, lanthanum, and yttrium. REEs play an important role in
many areas from household products to materials used in high technologies due to
their adequate properties (luminescent and magnetic). The major industries that
use REEs are catalysis, metallurgy, ceramics and polishing industry. On the other
hand, the wide application is focused on catalysts, high technology products, health
care devices, and rechargeable batteries [55].

The content of toxic elements in CFAs is shown in Table 3. These elements
present serious problem, causing air, soil and water pollution. From the data
presented, it can be seen that in some ashes (Table 3) the content of some toxic
element is very high. For example, the content of the arsenic in some ashes is even
0.2%. That is the exact reason such material should be utilized in order to avoid
negative impact on environment and human health.

Chemical composition and loss on ignition (%)

Si0, ALO; CaO Fe,0; K,0 MgO TiO, Na,0 LOI Ref.

Australia  31.1-68.6 17-33 01-53 1-271 0.1-2.9 0-2 1.2-3.7 1.2-3.7 na [56]

Bulgaria 30.1-57.4 12.5-25.4 1.5-289 51-21.2 0.8-28 11-29 0.6-1 0.4-19 0.8-32.8 [61]

Canada 355-62.1 12.5-232 1.2-13.3 3-447 05-32 04-31 0.4-1 0.1-73 0.3-97 [62]

China 35.6-57.2  18.8-55 1.1-7 23-193 0.8-09 0.7-4.8 0.2-0.7 0.6-1.3 na [56]

Europe 28.5-59.7 12.5-35.6 0.5-28.9 2.6-212 0.4-4 0.6-3.8 0.5-2.6 0.1-1.9 0.8-32.8 [56]

France 47-51 26-34 23-33 6.9-9.8 na 1.5-2.2 na 23-6.4 0.5-45 [63]

Germany  20-80 1-19 2-52 1-22 0-2 05-11 0.1-1 0-2 0-5 [64]

India 50.2-59.7 14-32.4 0.6-9 27-16.6 0.2-47 0.1-23 0.3-2.7 0.2-12 0.5-72 [56]

Italy 41.7-54  25.9-33.4 2-10 3-8.8 0-2.6 0-2.4 1-2.6 0-1 1.9-9 [61]
Japan 53.9-63 18.2-26.4 2-8.1 42-57 0.6-2.7 09-24 0.8-12 1121 0521 [65]
Korea 50-55.7 24.7-28.7 2.6-6.2 3.7-7.7 1.1 0.7-1.1 na na 4.3-4.7 [66]

Poland 32.2-53.3 4-322  1.2-299 4589 02-33 12-59 0.6-22 0.2-1.5 0.5-28 [67]

Russia 40.5-48.6 23.2-259 6.9-13.2 na 1.9-26 26-4 05-0.6 1.2-15 na [68]

Serbia 53.5-59.7 17.4-21 58-87 6-10.5 0.6-12 2-2.7 05-0.6 0.4-0.5 1.8-49 [69]

S. Africa  46.3-67  21.3-27 6.4-9.8 2447 05-1 19-27 12-16 0-13 na [70]

Spain 415-58.6 17.6-45.4 0.3-11.8 2.6-16.2 0.2-4 0.3-32 0.5-1.8 0-1.1 1197 [71]

Turkey 37.9-57 20.5-243 0.2-279 4.1-10.6 0.4-3.5 132 0.6-1.5 0.1-0.6 0.4-2.7 [72]

USA 34.9-58.5 19.1-28.6 0.7-22.4 3.2-255 0.9-29 05-4.8 1-1.6 0.2-1.8 0.2-20.5 [56]
Min 20.0 1.0 0.1 1.0 0.0 0.0 0.1 0.0 0
Max 80.0 55.0 52.0 44.7 4.7 11.0 3.7 73 32.8

na = not available, LOI = loss on ignition—measure for unburned carbon.

Table 1.
Bulk chemical composition and loss on ignition of CFAs worldwide.
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Rare earth elements content (ppm)

La Ce Sm Eu Dy Ho Er Y Pr Ref.

Austria 31.0 78.0 13.0 3.1 15.0 2.9 8.3 — 10.0 [73]
Bulgaria 37.7-40.2  82.4-87.6 7.0-76 16-18 5458 11-1.2 29-33 30.7-351 9.3-9.8 [74]
Canada  25.0-95.0 43.2-173.0 4.4-142 11-42 3.7-195 1.0-27 2.0-7.0 — 5.1-18.1 [75]
China 79.6-81.5 191.3-195.1 17.0-17.7 3.2-3.4 13.2-139 25-2.6 7.0-74 64.5-66.0 21.9-23.4 [76]
Croatia 13.0 27.9 2.3 0.43 2.2 0.2 11 13.3 3.3 [77]
Greece 22.1 55.9 6.9 1.6 6.3 111 3.3 33.2 11.9 [78]
India 50-88.7 100-200 35-9.8 1.8-35 5373 21-23 4.0-46 30-40 14.3-48  [59]
Japan 148 310 17.4 51 — — — — — [79]
Korea 9.6-86.5 16.1-115 1.6-12.6 0.5-2.5 15-10.6 0.3-22 0.9-62 9.2-60.5 2.3-18.9 [80]
Poland 15.5-81.7 30.7-172.5 2.8-17.0 0.6-3.8 26-122 0.6-2.6 1.8-50 17.9-73.8 3.3-14.7 [65]
Russia 33.6-114.3 71.0-203.8 11.7-45.3 2.7-9.3 — — — 70.0-330.0 — [81]
S. Africa 85.4 141.0 10.6 1.8 8.6 17 4.9 421 17.3 [82]
Spain 21.0-42.0 64.7-113 19.9-229 4.9-63 16.4-251 2.8-45 7.6-11.4 95.0-126.0 9.9-153 [83]
Turkey  36.0-41.0 72.0-85.0 6.1-72 1.6-1.8 54-58 11-1.2 29-33 30.7-351 9.3-98 [74]
USA 64.6-86.9  137-190  15.0-19.0 3.3-4.2 14.3-183 27-3.3 8.1-99 725-857 16.9-22.3 [84]
Min 9.6 16.1 17 0.4 15 0.2 11 9.2 23
Max 148.0 310.0 453 6.3 18.3 4.5 9.9 330.0 48.0

Table 2.

Rave earth elements content of CFAs in different countries.

Toxic elements content (ppm)
As Cd Co Cr Cu Mn Ni Pb A% Zn Ref.

Brazil 127-1915  11-33 — 74-181 31-88 219-714 48-95 66-627 207-293 434-2453 [85]
Bulgaria 1-76 0-1 16-43  71-93  74-207 174-821 40-73  25-60 119-262  87-174  [86]
Canada 17.5-52.0 0.5-1.9 — 31-101 — — 30-41  32-84 — — [87]
China — 0-2.3 — 0-78 4-60 13-772 4-41 3-40 22-81.1 2.4-76.7 [88]
Croatia — 0.1-0.9 — 14-38 28-120 — — 2-144 11.2-624 5.73-229 [89]
EU 69 — 41 153 101 — 123 88 255 161 [90]
Greece — 0.2-0.9 10-60 127-1502 19-227 400-1700 85-1075 4-79 49-121  12.4-359 [91]
India — — 9-18 54-103  40-83 47-182 26-63 10-56 — 29-124 [92]
Korea 0.6-253 0-0.4 5-19 31-119 22-73 — 16-49 12-51 — 14.4-95.0 [93]
Poland 10.2-50  0.1-2.7 — — 13-73 — 20-72 3-101 — 11-210 [65]
Serbia — 0-1.1 6-26 12-63 10-29 200-1270 22-1148 7-70 30-123 25-208  [94]
Slovakia — 0.1-2.6 — 9.4-32 10-81 — 10-32 14-142 — 35-375 [95]
S. Africa 16.6 0.16 5.45 73.0 18.8 148.10 14 24 104 20.03 [96]
Spain 57-726 <05 22-60 167-279 72-103  225-315  89-141 54-115 225-352 53-189 [97]
Turkey — <5 5-13 22-252 18-141 — 30-326 2-82 — 22-270  [98]
USA — — — 14-61  30-290 — 9-23  6-1600 — 163-1512  [99]
Min 0.6 0 5.0 0.25 3.9 12.8 9.0 2.0 2 2.4
Max 1915 33 60.0 1501.8 290.0 1700.0 1075 627 624 375.0

Table 3.

Toxic elements content of CFAs in different countries.
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CFAs are commonly categorized into two chemical types for their industrial
applications, by name Class C and Class F. The American Society for Testing and
Materials (ASTMs) classified CFAs as Class C and Class F on the basis of chemical
composition and coal origination. According to the ASTM standard C618, Class F
CFA has a combined SiO,, Al,03, and Fe,05 content of greater than 70% compared
to greater than 50% for Class C CFA. Fly ash of Class F is regarded as a true
pozzolanic material exhibiting cementitious properties [100]. Class C CFAs derived
from lignite and sub-bituminous coals with a high CaO content of above 20%
possesses self-cementitious properties. The pozzolanic (Class F CFA) and cementi-
tious (Class C CFA) properties of CFAs may allow their use as a binding agent or as
raw material to produce clinker, replacing cement in concrete manufacturing. Apart
from ASTMs, the European body has devised standard EN 450-1 defining CFA as a
fine powder containing mostly spherical, glassy particulates derived from burned
pulverized coal, with or without co-combustion material, which has pozzolanic
properties and consists essentially of SiO, and Al,O3 [56]. Vassilev and Vassileva
[101] have devised a new chemical classification system in accordance to the con-
tents of ash-forming elements in CFAs using three composition-based criteria: (1)
sum of Si, Al, K, and Ti oxides; (2) sum of Ca, Mg, S, and Na oxides; (3) ferric oxide
[101]. This approach resulted in four chemical CFAs types, namely sialic, calsialic,
ferrisialic, and ferricalsialic. Classifying CFAs in this way should simplify the choice
of utilization for each unique CFAs composition.

The abundant availability and low price of coal, rising global energy demand,
and the unsteadiness of alternative energy resources launched a growth in coal-
based energy use, generating large amounts of CFAs. Increase in coal production to
meet the growing demand for energy has resulted in an exponential increase in the
generation of CFAs from 500 in 2005 to about 750 million tons in 2015 [54, 102].
Contrarily, global use of CFA for various applications is only lower part (about 25%)
of the total production while the larger part (about 75%) is disposed or stored in
different ways (landfills or lagoons) depending on the processes at CFPSs, and
regulations the CFPSs have to follow. CFAs are harmful if released into the envi-
ronment due to the presence of metal(loid)s, toxic substances and organic pollut-
ants [103]. The presence of toxic waste contaminants in the ash requires it to be
stored appropriately. It is known that otherwise landfills can decay, causing many
environmental concerns and serious troubles to local communities [104]. In the
view of the imminent strict disposal restriction, the disappearing availability of
landfill space and the increasing cost of disposal, demands the need for economical
and green CFAs utilization technologies. Therefore, maximizing the valorization of
CFA into valuable products, rather than of its storage and disposal, is the optimal
solution to preserve the environment and open new economic opportunities [105].
The utilization of CFA as an industrial waste residue or by-product has received a
great deal of attention over the past two decades, as more sustainable solutions to
waste problems have been searched for. However, it must be emphasized that
extending the CFAs utilization to various valuable products in the future, imposes
the necessity of detoxifying CFA and converting extracted toxins into valuable
materials to create conditions for safe conversion into new products. Contrarily, the
direct utilization of CFAs leads to hazardous effects on the environment. CFAs as a
pozzolanic material has been prevalently employed in manufacturing cement either
as a raw material or as a supplement to save its consumption [106]. CFA has been
used in different geotechnical applications such as grouting, asphalt filler, sub-grade
stabilization, pavement base course, general engineering fill, structural fill, soil
amendment, and infill [52]. Extensive research has been carried out for use of fly
ash-based adsorbents in both gaseous and aqueous applications. CFA has been
found to be effective for removing different metal ions [107, 108] and aqueous
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pollutants or gaseous pollutants [58] from wastewaters. Currently, application of
CFAs in wastewater treatment (WWT) is broad but still inadequate. CFAs have
tremendous potential for WWT. The utilization of CFAs in water treatment in the
near future is quite promising [109]. In the last few years, CFA usage as a cheap
source of aluminosilicate has attracted scientists who have shown the successful
transformation of this waste material into zeolites [110]. These synthetic fly ash-
based zeolites are synthesized by various chemical processes (hydrothermal,
alkaline fusion-assisted hydrothermal process, multi-step treatment method,
microwave irradiation and sonication approach) resulting in a more uniform and
cleaner state than natural types in terms of their lattice structures, pore size, and
cages in their aluminosilicate frameworks [111-116].

The type of zeolites formed is a function of several reaction parameters such as
temperature, pressure, the concentration of the reagent solutions, pH, process of
activation and aging period, SiO, and Al,O3 contents of the CFAs. Zeolite of type A,
X, Y, P, and Na-P1 are well known synthetic zeolites synthesized from CFA which
have a wider range of industrial applications than their natural counterparts. The
utilization of fly ash-based zeolites not only brings more revenue for CFPSs but also
reduces the costs associated with the disposal of coal ashes.

The use of CFA in catalytic applications was examined for its potential to reduce
the consumption of materials that have limited reserves or are expensive to pro-
duce. The application of CFA as a material to be used in heterogeneous catalysis has
attracted much attention. Heterogeneous catalysis is attractive because it is often
easier to recover catalysts upon completion of the reaction as compared to homo-
geneous catalysts. For heterogeneous catalysis, catalytic materials can be supported
on other materials; their activity depends on both the active component and its
interaction with the support. Typically, catalyst supports include various metal
oxides such as SiO,, Al,03, MgO, and TiO,. Since the CFA consists primarily of SiO,
and AL,O3, CFAs offer desirable properties such as thermal stability for use as a
support. Also, CFAs are often used as the catalytically active component.

3. CFA catalyst synthesis

In order to obtain a suitable form of CFA, it can be modified by various tech-
niques using different synthesis conditions presented in Table 4.

It can be seen from the results that the main techniques, which can be used for
CFA modification are alkali activation, hydrothermal and thermal treatment, wet
impregnation, and ion exchange. The influence of various parameters, such as
temperature, the concentration of alkali agent, the synergism of alkali agents, reac-
tion time, aging period are crucial for obtaining the material with a suitable struc-
ture. Babajide et al. [116] studied the synthesis of Na-X zeolite from CFA, which
was used as a catalyst for biodiesel production in the K-ion exchanged form. Such
synthesized material exhibits higher activity than non-ion exchanged. It can be
noted, that the main goal of CFA modification is the total or partial destruction of
CFA crystalline cenosphere structure, with very low specific surface area and inac-
cessible pore system. Depending on CFA alkali activation and hydrothermal condi-
tions (temperature, sodium-aluminate addition, and time), zeolite materials of
different compositions and characteristics can be obtained. Bhandari et al. [120]
optimized CFA alkali fusion process in order to obtain high crystalline zeolite and
reported that zeolite with suitable structural, morphological, and textural properties
can be obtained at alkali activation and hydrothermal temperature 550 °C and 90 °C,
respectively and NaOH/CFA ratio of 1.5. By adding sodium aluminate in the
range 10-20%, zeolite X was obtained, whereas further adding leads to the formation
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Catalyst type Catalyst synthesis CFA and catalyst characteristics Ref.
(A-CFA or Method(s) Conditions Catalyst efficiency
B/CFA)
Sodalite Hydrothermal  Activators: (a) NaOH e Diffraction peaks: quartz (SiO,), [117]
(A-CFA) (b) NaAlO,; Aging mullite (3A1,03-2Si0,), small
CFA-derived time (AT): 6 days; amounts muscovite and sodalite
sodalite zeolite Temperature (T): (NagAlgSig0,4Cl,) (XRD); rounded
100°C; Time (t): 24 h  particles of sodalite agglomerates
(SEM); mesoporous sodalite: N,
ads/des type IV isotherm; Sggt:
9.7 m?/g
High potential of zeolite sodalite as a low-price product to be ~ Soybean oil transesterification:
used as a catalyst for biodiesel production on an industrial Catalyst loading/FAME
scale. * 4 wt%/95.5 wt% FAME
Eggshell/CFA Drying starting (a) Eggshell ¢ Crystalline: a-quartz, hematite, [118]
(B/CFA) material T:105°C; t: 24 h mullite, calcium oxide (CaO),
CaO/CFA catalyst (b) Fly ash dicalcium silicate (Ca,SiO4) (XRD);
Impregnated CFA- T:100 £5°C; t: 24 h agglomerated structures of calcined
based catalyst . o A1 11 metal oxides (SEM); mesoporous
Impregnation  T:70°C; t: 4 h; pH: solid: N, ads/des type III isotherm;
(wet) 12.10; AT: 24 h Sgpr: 0.7 m? /e
Calcination T:1000°C; t:2h
Effective waste valorization is procreated through the Soybean oil transesterification:
preparation of a novel low-cost catalyst for synthesis of fuel-  Catalyst loading/FAME
grade biodiesel. * 1.0 wt%/96.97 wt% FAME
Modified™"W CFA  Alkali fusion CFA:NaOH = 1:1.5; Microwave irradiation (MW) [23]
(A-CFA) T: 600°C; t: 1.5 h; e Amorphous glassy phase (untreated
MW modified CFA), SiO; and mullite (calcined
Hydrothermal 30 Wto% Na,804; CFA), new crystal phases NaAlO,,
T:60°C; :10 b Na,Si0; upon MW (XRD); OH-
Microwave and SO,>~ supported on CFA upon
(MW) MW (FTIR)
Calcination T: 600°C; t: 1.5 h
Modified coal fly ash catalyst improved biodiesel yields Waste cooking oil
under the microwave irradiation system. transesterification:
Catalyst loading/FAME
3.99 wt%/94.91 wt% FAME
Modified"S CFA Alkali fusion CFA:KOH = 1:1; Ultrasound-assisted (US) [119]
(A-CFA) T: 550°C; t: 2 h; e Amorphous glassy phase (untreated
US modified CFA), SiO; and AlgSi, 043 (calcined
Hydrotherpal~ 30 Wtof KNO3; CFA), new crystal phases KAIO,,
T:100°CG;t: 6 h K,Si05 upon US (XRD); OH- and
Ultrasound NO;™ supported on CFA upon
(US) ultrasound-assisted (FTIR)
Calcination T:550°C; t: 2 h

Experimental results showed that the modified coal fly ash ~ Waste cooking oil
transesterification:
Catalyst loading/FAME

* 4.97 wt%/95.57 wt% FAME

catalyst could improve biodiesel yields under ultrasound
assisting system.

KX-CFA CFA T:850°C; t:2h « Diffraction peaks: crystalline quartz [120]
(A-CFA) calcination and mullite (XRD); spherical CFA
CFA-derived . particles, CFA, octahedral crystals
zeolite KX CFA L. HCl; T: 80°C; t: 1.5 hs ion exchanged zeolite KX (FESEM);
acidification i .
mesoporous zeolitic material: N,
Alkali fusion NaOH:CFA = 1:1-12;  ads/des type Il isotherm; Sggr:
T: 400-600°C; t: 1h;  735.8 m’/g
Hydrothermal — T: 90-120°C;
t:4-24h
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Catalyst type Catalyst synthesis CFA and catalyst characteristics Ref.
(A-CFA or Method(s) Conditions Catalyst efficiency
B/CFA)

Ion exchange 1.0 M CH3COOK

Calcination T:500°C; t: 2 h
The effective utilization of fly ash for zeolite KX synthesis Soybean oil transesterification:
and its use as a catalyst for transesterification would improve  Catalyst loading/FAME
ecological balance and helps in value addition. * 3.0 wt%/81.2 wt% FAME
Animal bone/CFA CFA drying T: 105°C; t: * CFA chemical composition (wt%):  [121]
(B/CFA) Animal bones  overnight; 56.6 SiO,, 23.2 Al,03, 5.8 Fe,03, and
Impregnated CFA- calcination T: 900°C; t: 2 h; 7.9 CaO (AAS); overall crystalline

based catalyst phases: quartz, mullite (CFA),

Impregnation T:70°C; t: 4 h; L:
(wet) S =10:1; pH:12.1; AT:
24 h

dicalcium silicate (Ca,SiO,),
hydroxyapatite (Cas(PO,);0H), f-
tricalcium phosphate, and CaO
Calcination T:900°C; t:2h (XRD); surface morphology:
cenospheres (CFA), rod like

crystalline particles (impregnated
fly ash catalysts C10, C20, and C30)
(SEM); basicity: 5.1-17.4 mmoles
HCl/g; mesoporous solids: N, ads/
des type III isotherm; Sggr (mz/g):
1.7 CFA, 100 CABP, 11.3 C10, 7.1

C20, 4.2 C30
Animal bones (calcium enriched waste materials) Mustard oil transesterification:
impregnated in fly ash might be a potential source of catalyst ~ Catalyst loading/FAME
in biodiesel production. * 10 wt%/90.4 wt% FAME
Kaliophilite Geopolymer Alkali activator * Amorphous aluminosilicate, quartz  [122]
(A-CFA) synthesis (KOH in potassium and mullite crystals (CFBFA),
CFA-derived water glass); T: 80°C;  amorphous geopolymer, and
kaliophilite catalyst t:24h KAISiO, (as-synthesized

kaliophilite catalyst) (XRD);
irregular CFBFA particles (30 pm),
dense structure

(geopolymer), prismatic crystals
Drying T:105°C; t: 12 h (~1 pm) (kaliophilite) (SEM);
kaliophilite medium-strength basic sites

(K-O ion pairs) and high strength
basic sites (surface O~ ion)
(TPD-CO5); mesoporous catalyst:

Hydrothermal = Geopolymer
monolith:50 ml KOH;
T:180°C; t: 24 h

N, ads/des type IV isotherm; Sggr:

3.49 (m%/g)
Circulating fluidized bed fly ash (CFBFA) was used to Canola oil transesterification:
synthesize kaliophilite catalyst via a facile and low-energy Catalyst loading/FAME
two-step process: fabrication of amorphous CFBFA * 5.0 wt%/99.2 wt% FAME
geopolymer and hydrothermal transformation of CFBFA
based geopolymer into kaliophilite. This catalyst affords
three benefits: high value-added reutilization of CFBFA
industrial by-products, low-energy synthesis of kaliophilite,
and low-cost production of biodiesel.
FA/Na-X Hydrothermal — * Low Si/Al ratio preferentially result [116]
(A-CFA) in zeolite FA/Na-X (XRD); faujasite

Ion exchange L:S = 10:1;
1.0 M CH3COOK;
T: 60-70°C; t: 24 h

FA-derived zeolite
Na-X

phase irregular crystals (unique
morphology) (SEM); Sger (mz/g):
320 (FA/Na-X), 257 (FA/Na-X)

Calcination T:500 °C; t: 2 h

Fly ash transformed into a zeolite Na-X phase and exchanged Sunflower oil transesterification:
with K proved to be suitable for use as a catalyst in biodiesel = Catalyst loading
synthesis under less rigorous conditions. (FA/K-X)/FAME

* 3 wt%/85.5 wt% FAME




Renewable Energy - Resources, Challenges and Applications

Catalyst type Catalyst synthesis CFA and catalyst characteristics Ref.
(A-CFA or Method(s) Conditions Catalyst efficiency
B/CFA)
KNO5/CFA Impregnation =~ KNOj aq. stock; ¢ Crystalline phases: a-quartz, [123, 124]
(B/CFA) (wet) solution; hematite, mullite (CFA), KNO3
Impregnated CFA- L:S =115 (KNO5/CFA catalyst) surface
based catalyst KNO3:FA = 1:1 morphology: cenospheres (CFA),
. potassium impregnated fly ash
Calcination T: 500-700°C; t:5h . .
spherical particles aggregates
(>10 pm) (SEM); N, ads/des type
III isotherm; Sgg: 0.55 (mz/g)
Fly ash loaded with KNO; was used as a solid base catalystin ~ Sunflower oil transesterification:
the transesterification of sunflower oil to methyl esters to Catalyst loading/FAME
make a meaningful utilization of fly ash. * 5 wt%/87.5 wt% FAME
K-Zeolite CFA drying T: 80°C; t: overnight; * Main crystalline phases: hexagonal ~ [125]
(A-CFA) CFA T: 900°C; t: 3 h; quartz (SiO,), orthorhombic
CFA-derived calcination mullite crystalline phase
K-Zeolite (3A1,05-2Si0,) (CFA), K-Zeolite =
Hydrothermal 5 M KOH (aq. stock K-CHA zeolite (potassium type
. p yp
solution); zeolite) (hydrothermally activated
CFA:KOH = 1:44 . .
. XRD pattern); prism-like crystals
T:160°C; t:8h zeolite crystals (SEM micrographs);
Drying product T: 80°C; t: overnight ~ mesoporous solids: N, ads/des type
IV isotherm; Spgt (mZ/g): 2.1 coal
Calcination T:450°C; t: 4 h fly ash, 24.7 K-Zeolite
The obtained K-Zeolite can be used in biodiesel industry. Glycerol transesterification:
Utilization of biodiesel by-product glycerol is of great Catalyst loading/Glycerol carbonate
importance for sustainability of biodiesel industry. * 4 Wt%/96.0 wt% Glycerol carbonate
Conversion of glycerol to value-added chemicals increases
the profitability of biodiesel production.
CaO/Fly ash Starting (a) 50 wt% Fly ash * Crystalline phases: quartz (SiO,), [126]
(B/CFA) material (b) 50 wt% Ca calcium oxide (Ca0), dicalcium
CaO/Fly ash (NO)3- 4H,0 silicate (Ca,SiO,), and calcium
catalyst Ca(NO);4H,0 hydroxide Ca(OH), (XRD);
Impregnated Fly = Ca0, basicity: H_ < 8.2 (FA), H_>9.3
ash-based catalyst . (C1, C2 and C3); Spgr (m?/ 2):24.3
Impregnation  — C2 (800°C), 909.8 C2 (850°C)
(wet)
Calcination T: 800, 850 and
900°C
CaO/FA CaO,:FA =70:30
catalyst (C1);
CaO,FA = 80:20
(C2);
CaOpFA =90:10
(C3)
Palm fly ash supported calcium oxide (CaO) catalyst was Palm oil transesterification:
prepared through impregnation method and used in Catalyst loading/FAME
transesterification from off-grade palm oil for biodiesel * 6 wt%/71.77 wt% FAME
manufacturing. The efficiency of CaO/Fly ash is affected by
its basic strength.
CFA-HT Alkali fusion FZ * XRD patterns consistent with [127]
(A-CFA) - hydrotalcite materials; basicity
FA-hydrotalcite Hydrothermal (mmoles HCl/g): 36.6 FZ-HT, 28.8
catalyst Coprecipitation C-HT C-HT and 12.4 F-HT; surface
morphology: cenospheres (Fly ash),
F-HT octahedral crystals (FZ), platelet-
FZ-HT like morphology (C-HT), platelet-

Calcination T:500°C; t: 6 h

like structures of HT (F-HR and
FZ-HT); mesoporous solids: N, ads/
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Catalyst type Catalyst synthesis CFA and catalyst characteristics Ref.
(A-CFA or Method(s) Conditions Catalyst efficiency
B/CFA)
des type III isotherm (Fly ash), type
I isotherm (FZ), type IV isotherm
(F-HT), type 1V isotherm (FZ-HT);
Sger (m?/g): 1.7 Fly ash, 323.2 FZ,
32.9 C-HT, 39.6 F-HT, and 476.6
FZ-HT
Mg-Al hydrotalcite-like catalysts were prepared from fly ash ~ Mustard oil transesterification:
and fly ash-based zeolite by copreciritation method. The Catalyst loading/FAME
activity of prepared catalyst was estimated in mustard oil * 7 wt%/93.4 wt% FAME
transesterification. The FAME yield tends to increase with
increasing BET surface area.
A. granosa and Drying starting (a) Shells * Identified phases: SiO, (crystalline  [128]
P. undulata/CFA  material T:110°C; t: 6 h phase), Al,O; amorphous phase
(B/CFA) (b) Fly ash (Fly ash), Ca,SiO, dicalcium silicate
CaO/CFA catalyst T:105°C; t: 10 h (calcined impregnated catalyst)
Impregnated CFA- ; (XRD); smaller morphology size of
based catalyst Impregnation  — particles: P. undulata shell less than
(wet) 75 pm, A. granosa shell less than
Calcination T: 800°C; t: 3 h 85 pm, fly ash supported CaO
catalyst had the size less than
30 pm
Fly ash supported CaO catalyst derived from waste mollusk ~ Palm oil transesterification:
shell of Anadara granosa and Paphia undulata was used for Catalyst loading/FAME
palm oil transesterification. This catalyst could gain the yield * 6 wt%/94.0 wt% FAME
of FAME of 92 and 94 wt% for A. granosa and P. undulata
shell, respectively.
Sulfated fly ash Sulfonation — * Crystalline phases: quartz, mullite,  [129]
(SFA) hematite, lime; thermally stable up
(A-CFA) to 550°C; acid sites: 0.401 mmol/g
SFA-sulfated fly (NH;3-TPD), basic sites:
ash catalyst 0.197 mmol/g
(CO,-TPD); SO,*~ groups is
confirmed by FTIR analysis; surface
morphology: homogeneous
distribution of small spherical pores
on FA surface, large connected
spherical pores on SFA catalyst
surface; SFA crystallite size:
16.8 nm; Sper (m?/g): 38.3
The goal is on the fly ash utilization for the development of = Maize acid oil esterification:
sulfated fly ash (SFA) catalyst synthesis under solvent-free Catalyst loading/FAME
conditions. The use of SFA catalyst has been found to be * 5 wt%/98.3 wt% FAME
advantageous in biodiesel synthesis from feedstock with high
free fatty acids content.
CFA-Zeolite X Alkali fusion T: 450-600°C; * Identified crystalline phases: Pure ~ [130]
(A-CFA) t:1-2 h; single-phase zeolites X and A under
CFA-derived CFA:NaON = following conditions: FA:
Zeolite X 1:1-1:2.5 NaOH = 1:1.2, crystallization time
1h (Zeolite X), 12 h (Zeolite A),
Hydrothermal = 10-30 wt% NaAlO,;

fusion temperature 550°C,

;:893 1102(1)’"C crystallization temperature 110°C,
v ? and calcination temperature 800°C;
t: 24 h; . . .
cations exchange Zeolite A (highest
AT =12-16h

Ion exchange

value); Sgpr (mZ/g): 167.4 (Zeolite
1 M CH;COOK; X), 24.1 (Zeolite A)
L:S =10:1;

T: 60°C; t: 24 h

Calcination

T:500°C; t: 2 h

11
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Catalyst type Catalyst synthesis CFA and catalyst characteristics Ref.
(A-CFA or Method(s) Conditions Catalyst efficiency

B/CFA)

Different types of single-phase zeolites (Zeolite X and Mustard oil transesterification:

Zeolite A) with high cations exchange capacity were Catalyst loading/FAME

synthesized from alkali fusion followed by hydrothermal * 5 wt%/84.6 wt% FAME
treatment of coal fly ash as source material. Coal fly ash was

used successfully for production of biodiesel in mustard oil

transesterification with suitable calorific value (37.5 MJ/kg).

Table 4.
Synthesis of CFA based heterogeneous catalyst for biodiesel production.

of zeolite A. In this study, the K-exchanged form of zeolite X exhibits suitable
catalytic properties during the production of biodiesel from soybean oil.

From previous and similar investigations, it is obvious, that the activity of the zeolite-
based catalyst can be improved by impregnation of mainly alkaline metals, such as
potassium. The content of some alkali metals (Na and K) in biodiesel fuel is regulated
by EN 14214, (max. concentration 5 ppm). Due to high leaching affinity, such cata-
lysts are unsuitable. In order to obtain an active and stable catalytic form, previously
treated CFA can be modified with different CaO-based active catalytic components.
Volli et al. [121] investigated the utilization of CFA by impregnation of calcium from
animal bones in order to synthesize catalysts for biodiesel production from mustard
oil. The highest catalytic activity (TAG conversion of 90.4%) is achieved by catalyst
with 10 wt% loaded animals bones powder on CFA. However, further increasing of
animal bone powder loading on CFA leads to decreasing of catalytic activity. Waste
materials such as eggshells are efficient as a high calcium source, which can be used as
biodiesel catalysts. Carbonate eggshell form can be converted into active oxide form
using simple synthesis methods (thermal activation and modification techniques).

4. Biodiesel synthesis over CFA based catalyst

In recent years, most studies have shown that CFA can successfully catalyze
transesterification of various oily feedstock in order to produce biodiesel. Pure CFA
is practically inactive, but in the modified form it could exhibit high catalytic
activity. In Table 5 are shown different catalysts and their catalytic performance for
biodiesel production from various feedstock. Xiang et al. [122] investigated alkali
activated CFA modified by sodium sulfate under hydrothermal conditions,
whereby transesterification reaction was carried out under microwave [23] and
ultrasound [122] conditions. The high catalytic activity was achieved for short
reaction time and it was shown that catalyst could be used even eight times without
any loss of catalytic activity. Other modification methods are based on CFA con-
version into zeolite or hydrotalcite, impregnation of alkali or alkali earth metals or
ion exchange of previously mentioned zeolites.

CaO from chicken eggshell supported on CFA exhibits the highest catalytic
activity (97.0%) and stability (16 reaction cycles) in the transesterification reaction.
Volli et al. [124] prepared CaO from animal bones supported on fly ash and tested in
biodiesel production. The satisfactory conversion (90.4%) was achieved after 6 h,
whereas the catalyst suffered negligible loss of activity when tested for 5 cycles of
reuse. On the other hand, Bhandari et al. [120] and Volli and Purkait [130] used
potassium ion exchanged fly ash zeolite for biodiesel production, where the
prepared catalyst gave yield of 81.2% and conversion of 84.6% for 8 and 7 h,

12
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Catalyst Feedstock Reaction condition CorY RC  Refs.
T MOR CC t
Modified*""V CFA WCo 662 9.67 399 01 949(C) 8  [23]
Modified”® CFA WCo — 1071 497 0.03 956(C) 8  [119]
KX-CFA Soybean oil 65 6 3 8 81.2 (C) — [120]
Eggshell/CFA Soybean oil 70 6.9 1 5 97.0 (C) 16 [118]
Animal bone/CFA Mustard oil 65 5.5 10 6 90.4 (C) 5 [121]
Sodalite Soybean oil 65 12 4 2 95.5 (C) — [117]
Kaliophilite Canola oil 85 15 5 6 99.2 (C) 4 [122]
FA/Na-X Sunflower oil 65 6 3 8 83.5 (Y) 3 [116]
KNO5/CFA Sunflower oil 160 15 15 5 86.1 (C) — [123]
KNO3/CFA Sunflower oil 120 15 5 8 81.5 (C) 1 [124]
K-Zeolite Glycerol 75 3 4 1.5 90.2 (C) 5 [125]
CaO/Fly ash Palm oil 70 6 6 3 71.7 (C) — [126]
CFA-HT Mustard oil 65 12 7 6 93.4 (Y) — [127]
A. granosa/CFA Palm oil 92.0 (Y) 3 [128]
P. undulata/CFA Palm oil 94.0 (Y) [128]
Sulfated fly ash (SFA) Maize acid oil 125 15 5 3 98.3 (C) 3 [129]
CFA-Zeolite X Mustard oil 65 12 5 7 84.6 (C) 3 [130]

T = reaction temperature (°C), MOR = methanol/oil molar ratio, CC = catalyst concentration (wt%), t = reaction
time (h), C or Y = conversion or yield (%), RC = reaction cycle, WCO = waste cooking oil.

Table 5.
Biodiesel synthesis over CFA based catalysts.

respectively. Except for zeolites, active catalytic form or adequate catalytic support
can be achieved by conversion of CFA into layered double hydroxides known as
hydrotalcites [127]. High biodiesel yield can be obtained by using such materials
under mild conditions. Lathiya et al. [129] synthesized a sulfated fly ash catalyst,
which exhibits high catalytic activity, but in comparison with other presented
catalytic systems, such activity can be achieved under more rigorous conditions,
which is a feature of acid heterogeneously catalyzed biodiesel production.

5. Conclusion

This review reports a brief overview of the developments of various heteroge-
neous catalysts derived from industrial and biological waste materials as an efficient
solid base catalyst for biodiesel production. As one of the few renewable energy fuel
cost-effective options that can be recycled, low-cost biodiesel generation brings
with it economic as well as social and environmental benefits. The fundamentals of
methanolysis, the role of various process parameters and factors affecting biodiesel
production from different feedstock are highlighted to guide future research and
development on this topic. The development of heterogeneous fly ash-based cata-
lysts supported with alkaline and alkaline earth metal (oxides, hydroxides, salts)
gained a great awareness due to the wide availability of alkaline/alkaline earth
metal-rich waste materials and their corresponding high catalytic activity in the
methanolysis of triacylglycerol oils.
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