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Abstract This chapter provides a critical overview of the methods of biodiesel
production from waste oily by-products from edible oil refinery, waste fats, and
waste cooking oils with emphasis on factors that impact the synthesis of fatty acids
alkyl esters. The aim is to show exploitation possibilities of the mentioned waste
materials for making biodiesel. Various technologies such as chemical (homoge-
neous and heterogeneous) and enzyme catalysis as well as non-catalytic processes
have been applied in biodiesel production from waste oils, fats, and cooking oils.
The future commercial process of biodiesel production will be a choice among solid
catalysts, lipases, and non-catalytic processes.

Keywords Biodiesel - Esterification - Transesterification - Waste cooking oils -
Waste fats - Waste vegetable oils

Nomenclature

AG Acylglycerols

DAG Diacylglycerols

DD Deodorizer distillate
FAAE  Fatty acid alkyl esters
FAEE  Ethyl esters

FAME Fatty acid methyl esters
FFA Free fatty acids

MAG  Monoacylglycerols
SBE Spent bleaching earth
SSR Soap-splitting route
TAG Triacylglycerols
WAF  Waste animal fats
WCO  Waste cooking oils

1 Introduction

Technological development, global warming, and increasing environmental pollu-
tion have directed scientific research toward alternative and ecologically acceptable
energy resources. In a group of alternative fuels, which are substitutes for the con-
ventional ones, the most perspective are biofuels among which biodiesel has great
significance. Biodiesel is defined as a mixture of long-chain fatty acid alkyl esters
(FAAES) that satisfy specified standards. It is mainly produced by transesterifica-
tion (alcoholysis) of triacylglycerols (TAGs) from different natural resources, in
excess of alcohol, and most commonly in the presence of a catalyst. Annual world
biodiesel production is growing rapidly in the last decade, reaching a level of
approximately 35-45 million tonnes in 2019 [1]. The world’s largest biodiesel pro-
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ducers in 2019 were the EU and the USA with annual productions of over 14 mil-
lion tonnes and 5.6 million tonnes, respectively.
There are many advantages in the appliance of biodiesel, such as:

e It can be used “as is” or in mixture with diesel D-2, without or with minimal
engine modifications;

e It is biodegradable;

e It can be derived from biologically renewable recourses (vegetable oils and ani-
mal fat);

* During the combustion of biodiesel emission of carbon and sulfur oxides, soot
particles and non-combusted hydrocarbons are reduced.

Despite many advantages of biodiesel compared to fossil diesel, high manufac-
ture price is the primary barrier in commercial usage of biodiesel. The manufacture
price is determined by feedstock type, production capacity, and applied technology
[2, 3]. Research shows that edible vegetable oils, included in current industrial pro-
cesses, participate with 70-95% in the total price of biodiesel production [4]. Also,
the use of edible oils in the biodiesel production process is restricted by their usage
in the human diet and food industry. Furthermore, even if the whole amount of
available edible vegetable oils were used for biodiesel production, the gained
amount of fuel would not satisfy current diesel requirements [5]. As a consequence,
attention of the researchers is significantly turned to examining possibilities of new
and cheaper oily feedstocks for biodiesel production, such as waste oily by-products
from edible oil refinery (called here waste vegetable oils), waste animal fats (WAFs),
waste cooking oils (WCOs), and nonedible oils.

Methods of biodiesel production from waste vegetable oils, WAFs, and WCOs
with an overview of factors that impact the synthesis of FAAEs are critically
reviewed. The aim is to show exploitation possibilities of the mentioned waste
materials for making an economically sustainable and ecologically acceptable prod-
uct such as biodiesel.

2 Biodiesel Production from Conventional Oily Feedstocks

According to its chemical composition, biodiesel is most commonly a mixture of
fatty acid methyl esters (FAMESs) or ethyl esters (FAEEs), obtained from TAGs via
transesterification or from free fatty acids (FFAs) via esterification:

¢ Transesterification reaction:
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e Esterification reaction:
O O

i I
HO-C—R + CHOH CH-O-C-R + HO

o Famty acid Metharol Methyi ester Water

e The basic feedstocks for biodiesel production are vegetable oils or animal fats
consisting mainly of TAGs. Therefore, transesterification is the main reaction for
biodiesel production, whereas esterification is needed for feedstocks having a
higher content of FFAs. Transesterification is a sequence of three reversible reac-
tions in which TAGs are gradually converted into diacylglycerols (DAGs), mono-
acylglycerols (MAGs), and glycerol. Esterification is also an equilibrium
reaction. In both reactions, to shift the equilibrium to the right, methanol is added
in an excess relative to the stoichiometric amount, or an end product is removed
out of the reaction system. For instance, because of their immiscibility, FAMEs
and glycerol separate easily, and the latter is removed from the reaction mixture
enabling a high conversion degree. The rate of both reactions is usually enhanced
using a catalyst, which can be an acid, a base, or an enzyme, although the reac-
tions can be conducted in the absence of any catalyst but at higher temperatures
and pressures.

According to the type of catalyst employed, the reactions for biodiesel produc-
tion can be classified into four groups: (a) homogeneously catalyzed, (b) heteroge-
neously catalyzed, (c) enzymatically catalyzed, and (d) non-catalyzed.

2.1 Homogeneously Catalyzed Reactions

Due to the short reaction time, low demands concerning the quality of equipment,
and small investments, transesterification is usually performed in the presence of a
homogeneous base catalyst: hydroxides or alkoxides of sodium or potassium. The
reason for the massive usage of alkali hydroxides is good catalytic activity, low cost,
and simple transport and storage manage. Alkali methoxides are more catalytically
active, but more expensive and highly hygroscopic, which makes them much harder
to handle [7]. The main limitation of using these catalysts is the quality of oily feed-
stock, which refers to the contents of FFAs (<1%) [8] and water (<0.1%) [9]. As the
transesterification reaction is reversible, the maximal conversion of TAGs is reached
with an initial molar ratio alcohol-to-oil higher than the stoichiometrical one. When
methanol is used, the optimal ratio, according to most researchers, is 6:1. Acid-
catalyzed transesterification is significantly slower but more suitable for oils with a
higher content of FFAs. To keep the alcohol liquid, temperatures of up to 100 °C and
pressures of up to 5 bars are typically employed in homogeneously acid-catalyzed
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methanolysis. Therefore, acid catalysts are usually used for esterification reactions.
Concentrated sulfuric acid is the best and cheapest acid catalyst for esterification
reactions. The major disadvantage of homogenous catalysts is the fact that they can-
not be reused. Figure 5.1 shows the process scheme of homogeneously catalyzed
biodiesel production process, depending on FFA content [6]. The process includes
pre-esterification of a feedstock with high FFA content under acidic conditions, fol-
lowed by base-catalyzed transesterification.

One of the best-known industrial methods of synthesizing biodiesel using a
homogeneous base catalyst is the Lurgi process [10]. Refined vegetable oils are
mainly used as feedstock. A two-stage mixer-settler unit is used to running the pro-
cess continuously (Fig. 5.2a). The reaction takes place in the mixing section at
60 °C and atmospheric pressure, using sodium methoxide. The FAME light phase is
separated from the glycerol-water heavy phase in the settling section. The FAME
product was washed by water in a countercurrent washing column and then dried.
Methanol contained in the glycerol water is recovered in a rectification column and
used again in the process. Glycerol can be recovered from the glycerol water and
further purified. Biodiesel plants have an annual capacity in the range between
40,000 and 250,000 tonnes of biodiesel according to EN14214.

FFA >1% 4——> FFA <1%

Two-step process One-step process
Acid-catalyzed Base-catalyzed
process » process

r()ilr’Esteriﬁecl oil
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\ y / Transesterification
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Fig. 5.1 Process selection and steps for biodiesel production. (Adapted from [6])
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Fig. 5.2 Simplified (a) Lurgi and (b) Esterfip-H biodiesel production process flow sheets.
(Adapted from [10] and [11], respectively)
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2.2 Heterogeneously Catalyzed Reactions

The use of heterogeneous catalysts, both acidic and basic, simplifies the product
purification step. Namely, solid catalysts can be recovered by filtration or decanta-
tion or be used in fixed-bed reactors, so there are no wastewaters. They can be
reused with or without regeneration. Their major drawbacks are mass-transfer limi-
tations in the three-phase reaction system, higher initial methanol-to-oil molar
ratios, and the complex catalyst preparation in some cases. The most frequently
used heterogeneous base catalysts are alkali metal- and alkaline earth metal oxides
and carbonates. The application of calcium oxide seems to be promising because it
is an easily available and cheap substance [12]. The other tested solid catalysts are
zeolites, ion-exchange resins, Mg-Al hydrotalcites, etc. The future attention of
researchers will be focused on discovering bifunctional and superacid solid cata-
lysts that catalyze both esterification of FFAs and transesterification of TAGs.

The only commercial continuous process of biodiesel production based on the
use of a non-noble metal solid catalyst is the Esterfip-H process realized by Axens
(France) [11]. Suitable feedstocks are virgin and semi-refined vegetable oils. The
plant includes two fixed-bad reactors with the catalyst (Fig. 5.2b). Excess methanol
is removed after each reactor by partial flash evaporation, while FAMEs and glyc-
erol are separated in a settler. Biodiesel is produced after the final removal of metha-
nol by evaporation under vacuum, and the yield is close to the theoretical one.
Salt-free glycerol of high purity (>98%) is also produced. The annual plant capacity
is up to 200,000 tonnes of biodiesel.

2.3 Enzyme-Catalyzed Reactions

Lipases from different microorganisms have been tested in biodiesel production in
the last decade. These enzymes catalyze both esterification of FFAs and transesteri-
fication of TAGs under mild reaction conditions at low initial methanol-to-oil molar
ratios. Therefore, feedstocks having high FFAs content can be used without any
pretreatment. The separation and purification of the end products are simple, and a
minimal amount of wastewater is generated. The basic barriers to performing
enzyme-catalyzed processes industrially are the high price of the enzyme, low
enzyme activity, and stability in the presence of polar alcohols and the necessity of
careful control of process variables. Being better from the ecological point of view,
compared to other catalyst types, the enzyme-catalyzed biodiesel production will
become more important in the future. A promising strategy is to use lipases immo-
bilized on a carrier, enabling easy enzyme removal and reuse.



154 V. B. Veljkovi¢ et al.
2.4 Non-catalyzed Reactions

Transesterification of TAGs with lower alcohols can occur in the absence of a cata-
lyst at high temperatures and pressures (above the critical point for methanol 239 °C
and 8.1 MPa). Under supercritical conditions, the reaction takes place in a single
phase without mass-transfer limitation. Also, high-purity esters and soap-free glyc-
erol are produced. During this process, esterification, hydrolysis, and methanolysis
occur at the same time, which is suitable to produce biodiesel from used and waste
materials [13]. However, supercritical processes still have no industrial application
due to the high capital investment and high energy consumption, which indicates
the necessity of a good design of the process in terms of energy recovery [14].
Because of a high initial methanol-to-oil molar ratio (up to 50:1), most of the energy
is spent on the recovery of methanol. A two-step non-catalyzed process, which
includes hydrolysis of TAGs into FFAs with an excess of water and subsequent
esterification, requires lower amounts of methanol [15].

3 Biodiesel Production from By-products of Edible Oil
Refinery Process

Edible oils are primarily obtained from various oilseeds. The first step in producing
edible oils is the separation of so-called crude (unrefined) oil by pressing followed
by solvent extraction. The major component of the crude oil is TAGs, while the
other minor components are MAGs, DAGs, FFAs, phosphatides, sterols, tocopher-
ols, squalene, pigments, glycerol, hydrocarbons, vitamins, glycolipids, metals, etc.
The crude oil is refined by employing specific processes in several steps to remove
the minor components contributing to undesirable appearance, odor, and flavor. The
refinery process results in edible oil as the main product and several by-products
(waste vegetable oils) containing primarily TAGs and/or FFAs, which can be used
as raw materials for biodiesel production. At first, phospholipids (gums) are removed
by the degumming process, the obtained so-called oil sediments. If the chemical
refinery is applied, FFAs are neutralized by a weak alkaline solution, and the by-
product obtained is soapstock. Soapstock is usually acidulated by adding mineral
acid to liberate FFAs, generating so-called acid oil or acidulated soapstock. Physical
refinery processes include vacuum steam distillation to remove FFAs, producing
acid oils. In the bleaching step, pigments, residual phosphatides, soaps, and metals
are removed by using bleaching earth, producing another solid waste called spent
bleaching earth (SBE). Finally, FFAs and odoriferous components are removed in
the deodorization step by vacuum steam distillation, producing a by-product called
deodorizer distillate (DD). Details on the chemical composition and utilization of
the main by-products from edible oil refining processes can be found elsewhere
[16, 17].
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3.1 Biodiesel from Soapstocks, Oil Sediments, and Acid Oils

When designing processes for biodiesel production from soapstock, one should
consider the presence of both acylglycerols (AG) and FFAs, as well as its high-
water content and semisolid nature under ambient conditions. Generally, two-step
processes are needed, consisting of acid-catalyzed esterification of FFAs followed
by a base-catalyzed transesterification of AGs, because the latter reaction is ineffec-
tive at esterifying FFAs. Also, water inhibits both transesterification and acid-cata-
lyzed esterification and favors ester hydrolysis, which is unfavorable for biodiesel
production. The biodiesel production from acid oils involves less difficulty than that
from soapstocks because the former raw material has lower water content. Both raw
materials, however, contain other impurities such as phospholipids that, as surfac-
tants, lead to the difficulty in separating methyl esters from glycerol after the wash-
ing step. Based on the annual world’s production of the selected edible oils (soybean,
rapeseed, sunflower, and palm kernel: 533.7 million metric tonnes) [18] and the
estimates suggested by Echim and coworkers [17], the world’s generation of soap-
stock and acid oils in 2019 can be estimated to be 14.7-19.4 million metric tonnes
and 6.7-11.4 million metric tonnes, respectively.

There are two main routes to produce biodiesel from soapstocks (Fig. 5.3),
namely direct conversion and pretreatment of soapstocks before conversion either
by acidulation to produce acid oils (so-called WCO SSR) or by hydrolysis of neutral
oil (hydrolysis route). Another route is the esterification of FFAs with glycerol to

SOAPSTOCK

4 ¥
Direct conversioﬁ Hydrolvsis ) Soap-sp:’.ﬂ'!.'ﬁrg)

roule Foufe roule
A 4 Y
Drying and/or . eie Soap-splitting
filtration Hydrolysis (AO)
| Transesterification | | Hydrolysis |
Y Y ) ) Y
I Esterilication I I Esterification I I Esterification I
| Disti]lalionl | Distillation |
) 4 ) 4 ¥ Y
| BIODIESEL |

Fig. 5.3 Schematic representation of different routes used to convert soapstock to biodiesel.
(Adapted from [17])
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AGs (termed glycerolysis) prior to transesterification. The process of direct soap-
stock conversion into biodiesel is on the laboratory scale, while the only industrial
process is undertaken via SSR [17]. Table 5.1 reviews the selected literature related
to the use of soapstocks, oil sediments, and acid oils in biodiesel production.
Soapstocks originate mainly from the refinery of soybean oil, and methanol is only
used as an esterification agent. Processes are usually conducted in batch stirred
reactors, although packed-bed and tubular reactors are also applied. Direct esterifi-
cation of FFAs from soapstocks was catalyzed by either sulfuric acid or lipases after
appropriate pretreatment. Different soap-splitting procedures are employed to pro-
duce acid oils which are further esterified using sulfuric acid, solid acid catalysts,
and lipases. Non-catalyzed esterification and glycerolysis processes have been
rarely studied. The final product yield depends on the origin of soapstock or acid oil
and the employed process conditions.

3.1.1 Direct Conversion of Soapstock

Direct conversion of soapstock “as is” has been seldom studied. Acid-catalyzed [19]
and enzyme-catalyzed [20] esterification is employed to convert cotton oil soap-
stock and soybean oil soapstock to biodiesel, respectively. In the former process, the
splitting of the soaps and esterification was performed in the presence of sulfuric
acid as a catalyst at 75 °C in 2 h [19]. The latter process employs sequentially a
base-catalyzed transesterification and enzyme-catalyzed esterification to convert
AGs and FFAs of soapstock to the esters of monohydric alcohols [20]. Water from
the soapstock was removed by freeze-drying prior to the transesterification, and the
pH of the final reaction mixture was adjusted to pH 6.0 prior to esterification to
obtain a significant activity of C. antarctica SP-435 lipase. Only 63% conversion of
FFAs was achieved at the ethanol-to-FFA ratio of 20:1 in the presence of water
(0.70%) within 39 h. The process combining transesterification and esterification
reached the overall conversion of only 81%. Therefore, the enzymatic process was
judged as insufficient for achieving complete esterification.

3.1.2 SPR (via Acid Oil as an Intermediate)
Chemically Catalyzed Processes

Eaveas et al. [29] converted acidulated soapstock (acid oil) to methyl esters using
HCI and Twitchell reagent in a packed column reactor. The optimum conditions for
the highest conversion of up to 86% are as follows: the temperature of 110-120 °C,
the pressure of 11.34 bar, the methanol-to-FFA ratio of 5:1, the acid catalyst of
3-5% (based on the FFA mass), and the reaction time of 15 min. Passing the acid oil
pretreated by hydrolysis twice through the reactor the conversion degree was
increased up to 97%.
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Haas et al. [21] optimized soybean acid oil esterification with methanol and cata-
lyzed by sulfuric acid at 65 °C using statistical experimental design. Since greater
than 15% of the FFAs remaining in the final reaction mixture as free or glycerol-
linked, the reaction was inefficient within 26 h and therefore unacceptable for
industrial use. In an alternative method, a high acid acid oil was prepared by the
complete hydrolysis of AGs from the soapstock. The high acid acid oil was then
esterified by sulfuric acid catalysis. The conversion of 89% was reached within 14 h
at a methanol/FFAs/catalyst molar ratio of 1.8:1:0.17 at 65 °C. The uncompleted
esterification was the result of the action of water formed. The new reaction step
following removal of the formed water by centrifugation reduced the content of
FFAs to 0.2%. Park et al. [25] esterified a high acid acid oil, obtained by the same
procedure as in the previous study, using methanol and Amberlyst-15 and reached a
maximum final ester content of 91.7% at the methanol-to-FFAs of 9:1 after double
water evaporation during the process. Biodiesel yields reached with Amberlyst-15
and sulfuric acid were similar [26].

Luxem and Troy [30] patented a method where esterification of FFAs and trans-
esterification of AGs occurred simultaneously under pressure (34.5 bar) with metha-
nol in the presence of sulfuric acid at 130 and 150 °C without removing the
by-products (glycerol and water). An 82% conversion was achieved within 60 min
and 15 min, respectively. At longer reaction times and at higher temperatures, con-
version degrees higher than 90% were achieved.

Wang et al. [22] studied biodiesel production from soybean acid oil in a pressur-
ized stirred reactor using methanol and sulfuric acid as a methylation agent and as a
catalyst, respectively, at 80 °C for the first 1 h and at 95 °C for the following 4 h.
Under the optimal mass ratio of methanol/acid oil/catalyst (1.5:1:0.1), a conversion
of 92% was reached within 3-5 h depending on the initial water content and the
methanol-to-acid oil ratio. After distillation, the purity of the final biodiesel product
was 97.6%, corresponding to a yield of 94% based on total FFA content in the initial
raw material.

McNeff et al. [31] used microspheres of metal oxides (Zr, Ti, and Al) as catalysts
to convert continuously different raw materials (acid oil among them) to methyl
esters in a packed-bed reactor under high pressure and temperatures (300-450 °C).
A good conversion of acid oils (90.2%) was achieved without loss of catalytic activ-
ity overextended applications.

Jin et al. [23] utilized a mixture of oil sediments and soapstock for producing
FAMES in a three-step process. The mixture of oil sediments and soapstock was first
extracted with ethyl ether and, after the addition of saturated sodium chloride solu-
tion, it was centrifuged to obtain three phases. Sulfuric acid was added to the soap
phase to get FFAs. This high acid acid oil was esterified (conversion degree 92.1%
of theoretical) using methanol (5 mol per a mole of FFAs) and sulfuric acid (3%) at
85 °C within 5 h. In the third step, TAGs and phosphatides were extracted from the
organic phase with acetone and then transesterified by methanol and sodium hydrox-
ide at 65 °C within 1 h, producing a maximum FAME yield of 94%.

Shao et al. [24] optimized biodiesel production from rapeseed soapstock employ-
ing soap-splitting and short-path distillation. A biodiesel yield of 96.45% was
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achieved from the acid oil within 1.42 h with a methanol-to-acid oil ratio of
0.33:1 v/v and sulfuric acid of 1.44 vol% at 60 °C.

Li et al. [27] employed acidification of a soapstock, molecular distillation to
separate FFAs and AGs, followed by acid-catalyzed esterification and base-cata-
lyzed methanolysis, respectively. A solid superacid catalyst, SO,>~/ZrO,-TiO*/La**
(5%), was used in the esterification reaction undertaken at a methanol-to-oil molar
ratio of 15:1 at 60 °C; the conversion of 98% was reached in 4 h. Base-catalyzed
methanolysis reached a conversion of 97.25% within 30 min at the catalyst (sodium
methoxide) loading of 0.6%, the methanol-to-oil molar ratio of 5:1, and 55 °C.

Guo et al. [28] prepared acid oil from a soybean oil soapstock by a process
involving the removal of phospholipids and acidification of the soap phase. The acid
oil was esterified with methanol in the presence of a solid acid lignin-derived carbo-
naceous catalyst. This catalyst had 3.5 times higher catalytic activity than sulfuric
acid. The best conversion of above 97% was achieved within 5 h with a catalyst
loading of 7% at a methanol-to acid oil molar ratio of 9:1 at 70 °C.

Pantoja et al. [29] optimized the FAME production from the buriti (Mauritia
flexuosa) oil soapstock via acidulation and esterification using H,SO, as a catalyst.
The best acidulation conditions were the 0.8 molar ratio and the reaction time of
60 min whereas the best esterification conditions were the molar ratio of 18:1, cata-
lyst loading of 4%, and reaction time of 14 h, which provided a yield of 92% and a
conversion of 99.9%.

Domingues et al. [33] reported the use of a solid vanadyl phosphate catalyst in the
simultaneous esterification of FFAs and transesterification of AGs from rapeseed
acid oil with methanol. A mixture contacting 87% of methyl esters and 7.2% of FFAs
was obtained within 6 h at 125 °C. The increase in the reaction temperature at 150 °C
led to the biodiesel product containing 93.5% of methyl esters and 3.3% of FFAs.
Spent catalyst can be regenerated by reoxidation of the reduced vanadium with air.

The production cost of biodiesel obtained from soybean soapstock was shown by
an economic analysis to be for 25% less than that estimated for biodiesel produced
from refined soybean oil, whereas engine emissions and performance during opera-
tion on the former biodiesel were comparable to those on the latter one [48].

Enzyme-Catalyzed Processes

Watanabe et al. [34] applied a two-step process including enzyme-catalyzed esteri-
fication of FFAs from acid oil and enzyme-catalyzed methanolysis of AGs using
immobilized lipase from C. antarctica. In the first step, the esterification degree of
91% was achieved within 24 h at the methanol-to-acid oil molar ratio of 1:1. In the
repeated batches, the biodiesel content at 24 h decreased by 24% after the tenth
cycle, indicating that the lipase was unstable. At higher methanol-to-acid oil molar
ratios (5-7.5:1), the lipase inactivation was avoided, and the esterification of FFAs
within 24 h was increased (>96%). The second step included the dehydrated first-
step product, refined rapeseed oil, methanol, and glycerol to convert AGs into
methyl esters using immobilized lipase. The final product contained 91.1% of
methyl esters. The enzyme was successfully employed in 100 cycles.
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Shao et al. [35] optimized the biodiesel production from rapeseed soapstock by
immobilized enzyme-catalyzed esterification after its saponification and acidifica-
tion. All four employed parameters (enzyme amount, methanol-to-acid oil molar
ratio, water content, and temperature) were found to be statistically important. The
best conversion of 63.6% was reached under the optimal conditions. After molecu-
lar distillation, the methyl ester yield was increased above 95%.

Chen et al. [36] studied biodiesel production from acid oil using soluble lipases
from genetically modified Aspergillus oryzaelAspergillus niger microorganism. A
central composite design showed that the influences of enzyme concentration,
methanol-to-acid oil molar ratio, temperature, and agitation speed on the methyl
esters yield were statistically significant. Under the optimal conditions, the bio-
diesel yield was 88.7%.

Chen et al. [37] catalyzed the reaction between a pretreated acid oil and methanol
by immobilized Candida lipase in a series of three packed-bed reactors. The influ-
ences of lipase, n-hexane and water contents, temperature, and mass flow rate were
analyzed. Under the optimum reaction conditions, the best methyl esters yield of
90.2% was obtained. The immobilized enzyme can be recycled with a relatively
stable activity after removing glycerol adsorbed.

Tiiter et al. [38] performed esterification of corn and sunflower acid oils with
several alcohols using lipase Novozym 435 in n-hexane. The highest methyl ester
content (6.6%) was obtained within 1.5 h at the methanol-to-acid oil molar ratio of
1:1 and 40 °C using a 15% enzyme. However, higher ester yields (about 70%) were
obtained with other primer alcohols (n-propanol, n- and i-butanol, n- and i-amyl
alcohol, and n-octanol).

Non-catalyzed Process

Akgiin et al. [39] optimized the production of biodiesel from olive acid oil using
non-catalyzed esterification with methanol under supercritical conditions in a con-
tinuous tubular reactor. The most effective factors were reaction temperature and
flow rate of the reactants. The methyl ester yield of 92.3% was obtained under the
optimum conditions (pressure of 240 bar, temperature of 380 °C, methanol-to-acid
oil molar ratio of 1.12:1 and flow rate of 0.4 mL/min). After treating with bleaching
earth and calcium hydroxide at 80 °C and filtering, the resulted product contained
96.6% methyl esters.

3.1.3 Hydrolysis Route

This route consists of hydrolysis (saponification) of all AGs to FFAs, followed by
esterification of the obtained product containing primarily FFAs (Fig. 5.3). Alkali-
and enzyme-catalyzed saponification was performed to achieve the complete hydro-
lysis. Acid and enzymatic esterifications were conducted to convert FFAs to methyl
esters of fatty acids.
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Chemically Catalyzed Processes

Haas et al. [40] described a two-step process involving alkaline hydrolysis of AGs
and acid-catalyzed esterification of the obtained sodium salts of fatty acids. Although
soapstock is already alkaline, sodium hydroxide has to be added to a final total con-
centration of 4.2% followed by incubation at 100 °C to complete hydrolysis within
2—4 h. Under these conditions, both AGs and phosphoacylglycerols were com-
pletely hydrolyzed. Before esterification, water was removed from the product of
saponification by freeze-drying. The resulting dried product was converted to
methyl esters by reaction with methanol in the presence of sulfuric acid. At the
minimum molar ratio of methanol/fatty acids/sulfuric acid of 30:1:5, the resulting
product containing more than 99% methyl esters was obtained at 35 °C within
10 min. The process produced biodiesel of high quality, but the product yield was
only 60% of the theoretical yield.

Enzyme-Catalyzed Processes

A two-step enzymatic process for conversion of acid oil to biodiesel consisting of
hydrolysis of AGs by lipase followed by esterification of FFAs with methanol by
another lipase has been used [41, 42]. Watanabe et al. [41] used Candida rugosa
lipase and immobilized C. antarctica lipases for hydrolysis of acid oil and esterifi-
cation of FFAs with methanol to biodiesel, respectively. In the first esterification,
where the hydrolyzed acid oil and methanol (molar ratio of 1:5) reacted in the pres-
ence of the enzyme (1%) at 30 °C, the conversion of 96% was reached within 24 h.
The resulting reaction mixture was dehydrated and subjected to the second esterifi-
cation to reach the total conversion of 99% for 24 h. Over 98% of total conversion
was maintained for 40 cycles. Cruz et al. [42] obtained a FAME yield of 94% using
the hydrolysis of an acid oil from soapstock of vegetable oil refining (a mixture of
seeds) at 35 °C (shaking rate of 200 rpm, 1:0.5 water:oil mass ratio, 24 h) by
Thermomyces lanuginosus lipase (3%) and then the esterification of the obtained
FFAs with methanol (2:1 mol/mol, 35 °C, 200 rpm, 7 h) by the same lipase (2%).
A research group has been investigating a strategy for reducing the biodiesel
production costs by a fermented solid with lipase activity in a solvent-free system in
both batch reactor systems [43—45]. Lipases are produced by solid-state cultivation
of a pathogenic (Burkholderia cepaciaon) [43, 44] or non-pathogenic (Rhizopus
microsporus) microorganism [45] on a mixture of sugarcane bagasse and sunflower
seed meal or sugarcane bagasse enriched with urea, soybean oil, and a mineral solu-
tion, respectively, and the dried fermented solid is directly used as the catalyst in the
esterification of fatty acids with ethanol in a solvent-free system. When used in a
packed-bed bioreactor in a closed-loop batch system, up to 30% of the reaction
medium is sorbed onto the dried fermented solid, and the sorbed medium has a dif-
ferent composition compared to the bulk phase [43]. In further work, this research
group develops a combined sorption-kinetic model describing the reaction kinetics
for multiphasic ethyl esterification of fatty acids from soybean soapstock acid oil
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[44]. Botton et al. [45] have improved this reaction system by using the non-patho-
genic R. microspores to produce the fermented solid catalyst. The conversion of
86% of the soybean soapstock acid oil hydrolyzed in subcritical water was reached
by the esterification reaction with ethanol (10:1 molar ratio, 40 °C, 48 h). The use
of a fermented solid produced by a non-pathogenic microorganism and the possibil-
ity of using hydrolyzed low-quality fatty raw materials could render the scale-up of
the enzymatic biodiesel production via hydro-esterification more feasible and more
competitive with the chemically catalyzed processes. These results foster further
studies on the scaling-up of the environmentally friendly biodiesel production
process.

Choi et al. [46] synthesized FAEEs from acidulated rice bran soapstock via the
T. lanuginosus lipase-catalyzed transesterification of acid oil with ethanol in a con-
tinuous packed-bed reactor. The water content of the substrate, temperature, and
lanuginosus affected considerably the FAEE yield, and the optimum conditions
were 4%, 20 °C, and 1:4, respectively, ensuring the maximum yield of 92%. The
corresponding composition of the final product was 92% FAEEs, 3% FFAs, and 5%
AGs. When glycerol was removed from the reaction mixture by intermittent wash-
ing with ethanol, the relative lipase activity was maintained over 82% for 27 cycles.

3.1.4 AG Route

The AG route is conducted by esterification of FFAs with glycerol (termed glycer-
olysis) to form AGs, which is then transesterified conventionally. High reaction tem-
peratures (up to 250 °C) are required to complete the reaction. For the purpose of
decreasing the reaction temperature in the AG route, Luxem and Mirous [49]
screened various acid, base, and transition metal catalysts. The glycerolysis reac-
tions between acid oil and crude neutralized glycerol were carried out at 180 °C for
4 h. The amount of catalyst was normalized based on equal equivalents of metal
content per mole of acid oil. The most efficient catalysts were organo-metal cata-
lysts, tetrabutyl titanate, dibutyl tin oxide, and tin oxalate. The best conversion of
FFAs of 93% was achieved using tin oxalate (1%), whereas dibutyl tin oxide (2%)
reached the conversion of 81%. The process was scaled-up using the latter catalyst,
and the nearly complete acid conversion was achieved, resulting in the product with
a low acid value (0.5 mg KOH/g). The final product of esterification was converted
by base-catalyzed transesterification into biodiesel with the overall yield of 95%,
which was reduced to 92% after distillation. Felizardo et al. [47] studied the glycer-
olysis reaction of FFAs from acidulated soybean soapstock using metallic zinc and
zinc acetate dihydrate as a catalyst. The best methyl ester yield of 94.7% was
obtained with a 0.1% catalyst at 200 °C for 2 h.

The produced methyl esters do not satisfy the specific biodiesel standards and
can be used as a biofuel for steam or power generation [17].
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3.2 Biodiesel from SBE

Acid-activated bleaching earth is an adsorbent of high capacity that is commonly
used in the crude vegetable oil refining process (so-called bleaching process) to
remove coloring pigments, residual phosphatides, soaps, etc. The produced solid
waste material is known as SBE. Besides almost all impurities, this material adsorbs
crude vegetable oil by up to 20—40% by mass [50]. A large amount of SBE is dis-
carded from edible oil production. Based on 1.2-1.6 kg of the SBE per tonnes of
edible oil produced [51] and the world edible oil production of 150.8 million tonnes
in 2011 [18], the world generation of SBE is estimated to be about
180,000-240,000 tonnes/year. Most SBE is disposed of by inclusion in animal
feeds, incineration, landfilling, or concrete manufacturing [17], and only its small
amount is recovered and reused [51]. Disposal at landfills is unacceptable due to the
potential environmental hazards and the cost of disposal.

More convenient ways to manage SBE are to utilize it as an alternative raw mate-
rial and to convert it into valuable products. The adsorbed oil can be recovered from
SBE by solvent [50, 52-55], supercritical carbon dioxide [56, 57], and lye [58]
extractions. The extracted vegetable oil can be either recycled to the vegetable oil
refining process or sold as a raw material to lubricant and biodiesel industries [51,
59-61]. The SBE reactivated by heating treatment (500 °C) and a combination of
heating and acid treatment (0.1 M HCI) improves palm oil biodiesel filterability
[62]. By physical, chemical, or biochemical treatment, the amount of organics con-
tained by SBE are reduced to nearly zero, and the remaining deoiled solid material
(up to 60%) can be freely disposed on landfills, recycled to the oil refining process,
or used as a soil conditioner [63].

The conversion of the waste vegetable oil from SBE into biodiesel has already
been investigated. A review of the selected literature related to the use of SBE in
biodiesel production is presented in Table 5.2. SBE originates from the refinery of
palm, soybean, or rapeseed oils. Two possible ways of biodiesel production pro-
cesses are employed. The first group includes the extraction of waste vegetable oil
that is followed by transesterification of the extracted oil, and the second group
involves in situ extraction and transesterification of waste oil.

3.2.1 Extraction Followed by Transesterification

The waste vegetable oil absorbed on SBE is usually recovered by solvent (conven-
tional maceration and Soxhlet extraction) and supercritical CO, extraction. n-Hex-
ane is mainly used as an extracting solvent, although some other solvents are also
employed, such as methanol, ethanol, and petroleum ether. The biodiesel produc-
tion method is performed as a one-step (methanolysis) or two-step (esterification
followed by methanolysis) process in agitated batch reactors.
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One-Step Processes

In this case, base- or enzyme-catalyzed methanolysis is undertaken. Alkali hydrox-
ides (KOH, NaOH), calcium oxide, and Rhizopus oryzae lipase are employed as cata-
lysts. Giil et al. [64] optimized NaOH-catalyzed methanolysis of the waste vegetable
oil extracted from SBE by response surface methodology. Lim et al. [65] compared
the effects of CaO and alkali hydroxides as catalysts for methanolysis of the waste
vegetable oil. In the CaO-catalyzed reaction, the highest FAME yield of 98.6% was
achieved within 2.5 h at the following reaction conditions: the methanol-to-oil mass
ratio of 0.5:1, CaO loading of 6%, and reaction temperature of 65 °C. Alkali hydrox-
ides achieved 99% conversion in 1 h at the following optimal reaction conditions:
methanol-to-oil mass ratio of 0.25:1, catalyst loading of 1%, and reaction temperature
of 65 °C. The use of CaO as a catalyst has several advantages over homogeneous cata-
lysts. CaO can be easily separated from the reaction mixture and reused for several
runs without significant deactivation [73]. Aladetuyi et al. [66] used cocoa pod ash as
a solid catalyst to produce biodiesel from palm kernel oil recovered from SBE. The
biodiesel yield provided by cocoa pod ash was 86% and higher than that achieved by
potassium hydroxide (81.2%), respectively. Therefore, this work suggests that agri-
cultural residues could replace alkali catalysts for biodiesel production. Lara Pizarro
and Park [67] used R. oryzae lipase to catalyze the methanolysis of extracted waste
vegetable oils in a water-containing system. Optimum reaction conditions were the
methanol-to-oil molar ratio of 4:1, the water content of 75%, the enzyme amount of
67 IU/g, and the reaction temperature of 35 °C. The highest FAME yield of 55% was
reached with palm oil within 96 h of reaction.

Two-Step Processes

These processes are used for producing FAMEs from waste vegetable oils having a
high content of FFAs, such as waste palm and rapeseed oils. The presence of FFAs
strongly affects process performance and economics. If a homogeneous base cata-
lyst is employed, soaps will be produced in the reaction between the base catalyst
and FFAs, which inhibits FAME synthesis. If a homogeneous acid catalyst is used,
saponification is avoided but the transesterification rate is slow. By applying a two-
step process consisting of acid-catalyzed esterification followed by base-catalyzed
transesterification, the mentioned disadvantages of homogeneous base and acid
catalysts are overcome.

Kheang et al. [61] employed a sulfonated ion-exchange resin and sodium hydrox-
ide as a catalyst to obtain FAMEs from the waste vegetable oil extracted from SBE,
which contains more than 11% of FFAs. The esterification step using the resin cata-
lyst (oil-to-resin ratio 10:1) converts most of the FFAs to FAMEs. The conversion
of TAGs to FAMEs in the transesterification step using sodium hydroxide was more
than 98%. If the content of FFAs is extremely higher, such as in SBE exposed to air
for a couple of months, the amount of resin catalyst and the reaction time should be
increased. The obtained methyl esters have comparable fuel characteristics as petro-
leum diesel.
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Huang and Chang [51] esterified FFAs from waste oil by methanol in the pres-
ence of sodium hydroxide until its content was reduced below 2%, and then, the
esterified oil was subjected to methanolysis using again sodium hydroxide when the
conversion gave a FAME yield between 85% and 90%. They also performed a
financial analysis showing that the production cost of biodiesel from the waste oil
was lower than those of diesel or biodiesels obtained from refined oil or WCO.

3.2.2 In Situ Extraction and Transesterification

In situ biodiesel production is a novel method for producing biodiesel from oil-
bearing materials in which extraction and transesterification take place simultane-
ously. It integrates the oil extraction from SBE and the extracted oil conversion into
biodiesel in one continuous process so that the process can reduce the time and the
cost of biodiesel production [69]. The biodiesel production from SBE containing
waste oil can be performed through two consecutive or simultaneous oil extraction
and reaction processes; commonly transesterification stage is proceeded by the pre-
esterification stage due to a high FFA content of the SBE oil. Extracting solvent may
be either alcohol used as esterification/transesterification reagent or an organic sol-
vent. The esterification is usually catalyzed using an acid (sulfuric acid). Only
homogeneously and enzyme-catalyzed methanolysis has been investigated so far.

Mat et al. [68] have compared the activity of homogeneous base (potassium
hydroxide) and acid (sulfuric acid) catalysts for in situ methanolysis of SBE con-
taining waste palm oil in the presence of n-hexane as an extracting solvent. The use
of base catalyst produced a higher FAME yield in a shorter time than the use of acid
catalyst, as expected. However, reported FAME yields are too low (below 20%) to
be interesting for developing an industrial biodiesel production process.

In situ homogeneous biodiesel production from SBE containing waste palm oil
can be carried out through a two-stage process that includes in situ esterification and
transesterification [69, 70]. The first esterification stage is catalyzed by an acid (sul-
furic acid) whereas the second transesterification is base-catalyzed using an alkali
(sodium hydroxide). Sugiharto et al. [69] optimized the in situ transesterification of
the pre-esterified SBE palm oil using sodium hydroxide regarding reaction tempera-
ture, catalyst concentration, and time. The optimum conditions (64.33 °C, 2.39%
NaOH, and 2.32 h) provided a biodiesel yield of 21.45% (biodiesel/SBE). Under the
optimum agitation speed (730 rpm), Suryani et al. [70] obtained the biodiesel yield
and purity of 84.5% and 99.3%, respectively, for 90 min.

Park and coworkers [63, 71, 72] have investigated in situ transesterification of
waste oils catalyzed by lipases of different origin in the presence of different organic
solvents. Various primary alcohols were used for transesterification. Of several
tested lipases, the most active originates from Candida cylindracea, displaying a
conversion of 78% within 4 h of methanolysis reaction in the presence of n-hexane.
However, this lipase reached the conversion of 96% in 8 h of reaction in the pres-
ence of 1-butanol and n-hexane. Kojima et al. [71] investigated fossil fuels (diesel
oil and kerosene) as a solvent for the transesterification of TAGs embedded in
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SBE. The lipase showed the highest stability in diesel oil. A nearly 100% conver-
sion within 3 h was obtained from SBE using diesel oil as a solvent in the presence
of 10% lipase. Kerosene was shown to be as good solvent as n-hexane. These results
were utilized to perform lipase-catalyzed biodiesel production from SBE in a 50-L
pilot plant [72]. With 1% lipase added to SBE, the conversion reached 97% within
12 h at 25 °C. A mixture of biodiesel and diesel oil at the ratio of 45:55 meets the
standard EN 14214.

Schematic presentation of in situ FAME production from SBE based on the use
of lipase in the presence of an appropriate solvent is shown in Fig. 5.4. The produc-
tion process using diesel oil is much simpler than that using n-hexane [71]. When
diesel oil is used, a mixture of FAMESs and diesel oil is produced directly the follow-
ing filtration after the extraction/esterification, while when n-hexane is employed,
an additional separation step is needed. The filtration cake consists of oil-free waste
solid material, FAME:s, glycerol, solvent, and enzyme. The main product, FAMEs,
can be recovered from the filtration cake by extraction with n-hexane. The solvent
can be recuperated and reused in the process. However, it is impossible to isolate
lipase from the FAME-free waste solid material. This final by-product can be
regarded as immobilized lipase that can be recycled to the process so long as the
lipase is active, which will decrease the catalyst cost. The repeated production of
FAMEs with SBE was demonstrated in solvent-free systems [74]. The repeated
batch and fed-batch processes were conducted for nine and six cycles without a
significant enzyme inactivation, but the FAME yield was twice higher in the former
process.

b)

FAME + SBE with n-hexane, FAME,
n-hexane lipase, and glveerol

Extraction

Evaporation

DO + FAME = [|SBE with lipase
CXANG and glvcerol

J1-0

SBE with lipase|
and glveerol

Y

v - | n-hexane li
DO + FAME] [_hexane [FAME]

Fig. 5.4 Schematic diagram of the FAME production from spent bleaching earth using diesel oil
(a) and n-hexane (b) as the solvent. (Adapted from [61])



5 Waste Vegetable Oils, Fats, and Cooking Oils in Biodiesel Production 175
3.3 Biodiesel from DD

DDs are a valuable by-product in the last step of vegetable oil refinery, called
deodorization, where odoriferous components and FFAs are removed from the
refined oil by vacuum steam distillation. The amount of DD is typically about
0.2-0.5% of the raw material. Based on the annual world’s production of edible oils
[18] and the assumptions suggested by Echim and coworkers [17], the world’s gen-
eration of DD in 2019 is estimated to be 4.7-8.1 million metric tonnes, respectively.
The composition of DD depends on the vegetable oil origin, the refining procedure,
and the operating conditions of the distillation plant [17]. Generally, it is rich in
FFAs (33-81%), the unsaponifiable matter containing tocopherols (vitamin E), ste-
rols and squalene (6.6—41.2%), and AGs (0.72-13.6%).

DDs are a good source of bioactive compounds (sterols, tocopherols, and squa-
lene). These compounds can be extracted and further used in the pharmaceutical
industry, cosmetics, and as food additives. Furthermore, FFAs from DDs are mostly
used as additives for animal food, fluidizing agents for lecithin, or as medium-grade
soaps. DD have also nonfood applications, such as a biofuel in the mixture with the
fuel oil to fire the steam boilers [17].

There are two possible routes to produce biodiesel from DD, namely by direct
esterification of FFAs or by conversion of FFAs to AGs by glycerolysis prior to
transesterification, as shown in Fig. 5.5. Direct FFA esterification is performed not
only for the biodiesel production but also as a preliminary step in the purification of
the tocopherols and sterols. Reviews of the literature on biodiesel production from

a) DEODORIZER DISTILLATES b) DEODORIZER DISTILLATES or ACID OIL

Glycerol
Hydrolysis
4 ¥

L:sterification
(One step or

Multiple step esterification
Acylglyeerols

Transesterification
Transesterification  |——
¥ Y 1

Glf,-cerol,
FAME, acylcgveerols, FAME, steraols, FFA —
sterols, ocopherols tocopherols
¥ ¥
STEROLS
3 p BIODIESEL BIOFLUEL
‘ BIODIESEL | ‘TOCOPHEROLI | ODIES | | OFL

Fig. 5.5 Production of biodiesel, sterols, and tocopherols from deodorizer distillates by direct
esterification (a) and production of biodiesel/biofuel via acylglycerols route from deodorizer acid
oils or distillates (b). (Adapted from [17])
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DD via the two routes are given in Table 5.3. DD originates from the refinery of
palm, soybean, rapeseed, corn, and canola oils. Direct esterification of FFAs cata-
lyzed by sulfuric acid, ion-exchange resins, or lipases has been much more studied
than glycerolysis of FFAs which has been catalyzed either by lipases or was con-
ducted in the absence of any catalyst. Usually batch stirred reactors are employed,
although a packed-bed reactor and a continuous stirred tank reactor are also applied.
Methanol is mainly used as an esterification agent, whereas other alcohols (ethanol,
butanol) are rarely employed. The yield of final reaction products depends on the
origin of DD and the reaction conditions applied.

3.3.1 Direct Esterification
Chemically Catalyzed Esterification

Facioli and Arellano [75] described an esterification process catalyzed by concen-
trated sulfuric acid to obtain FAEEs from soybean DD. The process was statistically
optimized, and a conversion degree of 94% was achieved under the optimum condi-
tions: ethanol-to-FFAs molar ratio of 6.4:1 to 11.2:1, H,SO, amount of 0.9-1.5%
and reaction time from 1.3 to 2.6 h. The esterification of FFAs with ethanol was the
predominant reaction, while the loss of tocopherols was lower than 5.5%. An excess
of ethanol was necessary for obtaining the best conversion.

Verhé et al. [76] reported a process of converting the DD to biodiesel by metha-
nolysis catalyzed by sulfuric acid at 75 °C for 5 h. The methanol-to-FFA weight
ratio of 1:1 and 5% sulfuric acid were employed. The crude biodiesel was washed
with water, dried, and distilled to increase the quality of the FAMEs. The distillation
pitch was processed for obtaining sterols and tocopherols.

Chongkhong et al. [77, 78] studied batch and continuous esterification of palm
fatty acid distillate (93% FFAs) with methanol in the presence of sulfuric acid as a
catalyst. The conversion higher than 95% was achieved in the batch process with the
methanol-to-distillate molar ratio of 4.3:1 with 1.834% of H,SO, at 90 °C within
2 h, while the optimum conditions for the continuous process were methanol-to-
distillate molar ratio of 8:1, 1.834% of H,SO,, 70 °C and retention time of 60 min.
The batch esterification yield (99%) was higher than the continuous yield (97%). A
further treatment of the obtained product, consisting of FFA neutralization and AG
transesterification, was required to obtain biodiesel, which complies with the speci-
fications. The flow diagram for the proposed continuous process operated under
mild reaction conditions is shown in Fig. 5.6.

Villardi et al. [79] compared the conversion of FFAs present in soybean DD into
FAEESs through the batch esterification reaction using methanol with and without
catalyst (sulfuric acid) and free catalyst in a batch reactor. In the presence of the
catalyst (3%), the maximum conversion was 99.7% at the ethanol-to-oil molar ratio
of 10:1 and 100 °C in 180 min whereas in the absence of the catalyst, the maximum
conversion was lower (89.0%) at the same ethanol-to-oil molar ratio at a higher
temperature (280 °C) but a shorter reaction time (105 min). These results indicate
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Fig. 5.6 A schematic diagram of a continuous unit for biodiesel production from palm fat acid
distillate. (Adapted from [68])

that the supercritical medium reduces the oil conversion to FAEEs due to the paral-
lel reactions occurring and to the degradation of acids and esters at the required high
temperature and pressure. The developed kinetic model based on the one-step
reversible second-order reactions agrees well with the experimental data.

Souza et al. [80] tested several solid acid catalysts for the esterification of soy-
bean oil DD with ethanol. The highest conversion (49%) was achieved with 9% of
a commercial zeolite type (CBV-780) at 100 °C within 2.5 h. Xi and Cao [81] esteri-
fied a palm oil DD using a cation-exchange resin as a catalyst and achieve the con-
version of about 82% under the optimum reaction conditions (methanol-to-DD
molar ratio of 17.25:1 and 60 °C).

Liu and Wang [82] performed esterification of FFAs from rapeseed oil DD cata-
lyzed by a cation-exchange resin in a packed column reactor. The conversion of over
96% was achieved under the following optimal conditions: the resin catalyst dosage
of 18% (based on oil mass), the methanol-to-oil molar ratio of 9:1, the reaction
temperature of 60 °C, and the reaction time of 4 h. The catalyst can be regenerated
and reused. In ten repeated batch cycles (40 h), biodiesel yield was over 88%. This
process was as effective as the process catalyzed by sulfuric acid, but it had no
washing step. The process was further improved by including alkali-catalyzed
transesterification after the pre-esterification step [83]. The biodiesel yield by KOH-
catalyzed transesterification was 97.4% using a methanol-to-oil molar ratio of 4:1 at
60 °C within 1.5 h. Furthermore, biodiesel and tocopherols were co-produced from
soybean oil DD combining a pretreatment with supercritical carbon dioxide extrac-
tion. The pretreatment included cation-exchange resin-catalyzed esterification, cold
recrystallization to removing sterols, and then alkali-catalyzed transesterification.

Yin et al. [84] produced biodiesel from a pre-esterified soybean oil DD using
calcined duck eggshell (DES) as an inexpensive and environment-friendly catalyst
after calcination (900 °C). The DD pre-esterification with methanol (12:1) was cata-
lyzed by sulfuric acid (1.5%) at 60 °C for 2 h. The process of biodiesel production
from pre-esterified DD using the obtained CaO as catalyst was carried out under the
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optimal conditions (catalyst amount of 10 wt%, methanol-to-oil ratio of 10:1, 60 °C,
80 min) provided the biodiesel yield of 94.6%. The derived catalyst can be reused
five times with the biodiesel yield above 80%. The obtained results indicate that
catalysts prepared from carbonate-rich waste or natural products are suitable for
catalyzing biodiesel production.

Naz et al. [85] prepared a novel solid tin-alginate catalyst was prepared from
sodium alginate polymer, which was used for the esterification of corn DD with
methanol. High recovery of 97.6% of FAMEs was obtained after eight cycles using
the reprocessed catalyst under the optimized reaction conditions. Hence, by replac-
ing the homogeneous acid and base catalysts and ease of catalyst separation, the
tin-alginate catalyst has a great potential for green biodiesel production from DD
with a high free fatty acid content.

Although the ultrasonic-assisted biodiesel production from a variety of feedstock
has been frequently studied, a few studies have focused on DD as feedstock [86,
87]. Biodiesel production from soybean oil DD was enhanced by countercurrent
pulsed ultrasound [86], compared to the transesterification under static probe soni-
cation; the values of the rate constant were 0.68 L/mol/min and 0.56 L/mol/min,
respectively. Under the optimal conditions (initial temperature 25 °C, methanol-to-
oil molar ratio 10:1, flow rate 200 mL/min, catalyst content 1.8%, ultrasound work-
ing on/off-time 4 s/2 s and total operating time 50 min), determined using a
single-factor experiment design, the biodiesel conversion was 96.1%. The same
research group intensified the transesterification of the pre-esterified soybean oil
DD by dual-frequency countercurrent pulsed ultrasound, compared to a single-fre-
quency ultrasound-assisted reaction [87]. The highest biodiesel conversion was
achieved by the combination of 20/28 kHz. Under the optimum conditions (metha-
nol-to-oil molar ratio 8:1, catalyst content 1.8%, the water content less than 0.4%,
the acid value less than 2 mg KOH/g), the biodiesel conversion was 96.3%. The
transesterification reactions assisted by single-frequency static and dual-frequency
countercurrent (simultaneous mode) pulsed ultrasound are pseudo-second-order
with the energy activation of 26.034 kJ/mol and 18.122 kJ/mol, respectively, indi-
cating that the latter is easier to occur than the former.

Enzyme-Catalyzed Esterification

Ramamurthi et al. [88] obtained up to 96.5% conversion by methyl esterification of
FFAs from canola oil DD (CODD) using immobilized lipase Randozyme SP-382 as
a biocatalyst at temperatures around 50 °C and at a methanol-to-FFA molar ratio
between 1.8 and 2.0 with no use of vacuum or water-removing agent. The inhibitory
effect of methanol on the lipase activity was reduced by working at the lower tem-
perature (around 50 °C). The esterification was considered to be a preliminary step
preceding the recovery of sterols and tocopherols.

Facioli and Barrera-Arellano [89] reported the enzymatic esterification of the
FFAs from soybean DD with ethanol using immobilized fungal lipase (Lipozyme
IM) as a catalyst. The best conversion (above 88%) was obtained within 2 h with the
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lipase concentration of 10.7-23.0%, ethanol-to-FFA molar ratio of 1.7-3.2:1, and
temperature of 46.4-53.6 °C. During the process, no losses of tocopherols were
noticed.

Nagesha et al. [90] showed that supercritical carbon dioxide was a potential
medium for esterification of FFAs from hydrolyzed soybean DD with butanol using
an immobilized Mucor miehei lipase. Process conditions were optimized by con-
ducting a statistical design method. A pressure of 122 bar, butanol concentration
1.2 M, enzyme concentration 15% (w/w), temperature 36 °C, and incubation time
of 3 h were the optimal conditions ensuring 95.2% conversion of FFAs into butyl
esters. This esterification process of FFAs is faster than the shake-flask method,
where it takes 7 h to reach 88% conversion.

Wang et al. [91] described a process of simultaneous esterification of FFAs
(28%) and transesterification of AGs (60%) from soybean DD to alkyl esters. A
mixture of two enzymes (3% Lipozyme TL-IM and 2% Novozym 435) was
employed in the presence of fert-butanol as cosolvent, which eliminated the nega-
tive effects of the methanol excess and glycerol on the enzyme stability. The activity
of lipase was stable after 120 cycles. The maximum FAME yield of 84% was
achieved with increasing tert-butanol content up to 80% (based on the oil mass). An
adsorbent, silica gel or molecular sieve, was added to the reaction mixture (ten times
maximum water mass) to control by-product water concentration, ensuring the bio-
diesel yield of 93% and 97%, respectively.

Du et al. [92] studied the enzymatic esterification of soybean oil DD. The reac-
tion was Novozym 435-catalyzed methanolysis at 40 °C in a solvent-free medium.
The lipase could maintain its stability and high activity even with more than 3 M of
methanol existing in the reaction system, which was attributed to the presence of
FFAs. Lipase tolerance to methanol had an almost linear relationship to free fatty
acid content. There was almost no loss in lipase activity after being reused for ten
cycles, each cycle of 24 h. The highest conversion of 95% was achieved by adding
the molecular sieve to the reaction system.

Zeng et al. [93] produced biodiesel yields of 92.63% for 30 h and 94.36% for 9 h
from rapeseed oil DD using liquid forms of Candida rugosa lipase and Rhizopus
oryzae lipase, respectively, whereas the synergetic effect between the two lipases
enhanced biodiesel yield to 98.16% in 6 h under the optimized conditions (DD-to-
lipase ratio 0.84, water content 46%, 34 °C).

Dos Santos Corréa et al. [94] investigated esterification of FFAs from palm oil
DD with short-chain alcohols (methanol and ethanol) using immobilized commer-
cial lipases (Lipozyme RM-IM, Lipozyme TL-IM, and Novozym 435). Among the
enzymes studied, Novozym 435 showed the highest conversion using methanol
(95%) and ethanol (91%). In the case of this enzyme, stepwise addition had a minor
effect on the conversion. No significant increase in the conversion and the initial rate
was observed when the amount of Novozym 435 was increased from 0.5% to 9%.
A conversion of 86.7% was obtained using only 0.5% of Novozym 435. This
enzyme was reused ten times with conversion reaching 88% and 65% after the elev-
enth batch with ethanol and methanol, respectively.
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Rahman Talukder et al. [95] applied an immobilized C. antarctica lipase
(Novozym 435) and an acidic styrene-divinylbenzene sulfonated ion-exchange
resin (Amberlyst 15) as catalysts for biodiesel production from palm oil acid distil-
late in the presence and absence of organic solvents. Both catalysts were shown as
effective catalysts for the mentioned process, but Amberlyst 15 was more methanol
tolerant than Novozym 435. However, Novozym 435 acted fast, its optimal specific
activity was 50-fold higher than that of Amberlyst 15, but its maximum biodiesel
yield (95%) was somewhat smaller than that of Amberlyst (97%). Also, the mini-
mum amount of Novozym 435 (1% of distillate) required for obtaining maximum
biodiesel yield was much lower than that of Amberlyst 15 (30% of distillate).
Novozym 435 activities at both 50 and 60 °C were the same and the biodiesel yield
reached 90% within 2 h, while Amberlyst 15 was more active at a higher tempera-
ture and the biodiesel yield reached a maximum (97%) within 6-8 h. Water inhib-
ited the activity of Amberlyst 15 more considerably than that of Novozym 435.
Nonpolar solvent (isooctane, hexane) improved biodiesel yield in the enzymatic
system from 90% to 95%, while their impact on the biodiesel yield in the Amberlyst
15 catalytic system was negligible.

3.3.2 Biodiesel Production via AG Route

Esterification of FFAs from DD with glycerol to form AGs as an intermediate step
is another approach in the production of biodiesel or biofuels (Fig. 5.5b). This reac-
tion leads to a mixture of MAGs, DAGs, and TAGs as well as unreacted reactants.
The composition of the mixture depends on the reaction conditions such as the pres-
ence and type of catalyst, temperature, and the FFA-to-glycerol molar ratio.

Pure AGs can be prepared by the direct esterification of glycerol with the use of
homogeneous basic (NaOH, KOH) and acidic (p-toluene sulfonic acid) catalysts,
although the use of different heterogeneous catalysts has been reported. Enzymes
have also an enormous catalytic potential in the processes requiring high regioselec-
tivity [80], but these are not yet competitive at the commercial scale because of the
high cost of the enzyme [17]. However, most of the research has been done on the
synthetic samples and less on the sidestream refining products. The existing studies
of the synthesis of AGs as an intermediate step in the biodiesel/biofuels production
include enzymatically or non-catalyzed processes.

Enzymatically Catalyzed Process

Lo et al. [96-98] reported the synthesis of AGs (mainly DAG)s by lipase-catalyzed
esterification of glycerol with FFAs from corn oil, palm oil, and soybean oil
DD. Impact of reaction conditions, such as enzyme type and load, substrate-to-
glycerol molar ratio, reaction time, temperature, and water content, as well as the
effect of a water adsorbent, was studied. Lipozyme RM-IM was the most effective
lipase among the lipases screened. Under the optimum reaction conditions (10%



186 V. B. Veljkovi¢ et al.

catalyst, 2.5:1 FFA-to-glycerol molar ratio, 65 °C and 30% molecular sieves), the
AG yields of 70.0%, 52.0%, and 69.9% were achieved from corn oil, palm oil, and
soybean oil DD in 5 h, 6 h, and 4 h, respectively.

Tangkam et al. [99] studied the enzymatic preparation of DAGs from DD result-
ing from the refining of various vegetable oils. A direct glycerolysis of a mixed
distillate with Novozym 435 led to moderate proportions (52%) of DAGs. The
application of a two-stage reaction involving hydrolysis of DD followed by glycer-
olysis led to a higher synthesis (62-72%) of DAGs. Furthermore, the high initial
concentration of FFAs in the distillate had a positive effect on the concentration of
DAGs in the final product (>71%). Short-path vacuum distillation of the esterified
product led to a concentrate containing 94% of DAGs, up to 3.9% of TAGs below
1% of FFAs. Reaction temperature strongly increased the esterification rate, whereas
the effect of pressure was moderate.

Non-catalyzed Process

Smet [100] described the esterification of a fatty acid distillate (93% FFA) with
glycerol in a stirred batch reactor at 200 °C and 90 mbar. The novelty of the process
is in synthesizing AGs in less than 6 h with no catalyst present in the reaction sys-
tem. The total AG content of 85.3% was obtained using a glycerol-to-FFA molar
ratio of 1:1 in 345 min reaction time. A similar yield of total AGs (86.2%) was
obtained at a reduced molar ratio of 1:2. However, at an increased molar ratio of 2:1,
the reaction was slowed down and the total AG content was reduced to 64.9%.
Because of the high content of FFAs, a distillation step was necessary to increase
the purity of the synthesized AGs. The by-products of distillation were further used
as reaction products in the synthesis of AGs.

4 Biodiesel Production from WAFs

Animal fats, like vegetable oils, are biological materials (lipids), having similar
chemical structures, but a different distribution of fatty acids. Both materials are
water-insoluble, hydrophobic, soluble in nonpolar organic solvents, and made up
mainly of TAGs, although DAGs, MAGs, and FFAs are also present. Their fatty
acids content can be very high [6]. While vegetable oils are generally liquid at ambi-
ent temperature, many animal fats and greases tend to be predominantly solid due
to their high content of saturated fatty acids (SFAs) [101]. For example, the SFA
content in beef tallow is 45.6%, mutton tallow 61.1%, lard 39.3%, and chicken fat
32% [102]. As a result, the synthesis of FAMEs from WAFs can be realized at
higher temperatures unlike the processes of WCO conversion [103]. WAFs have not
been studied as extensively as sources for biodiesel production as vegetable oils,
although their methyl esters have some advantages such as high cetane number and
non-corrosivity [104]. The use of WAFs as a feedstock for biodiesel production
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eliminates the possibility of their disposition and contributes to the biodiesel supply.
However, the available amount of WAFs is limited, meaning that these feedstocks
will never meet the world’s fuel needs. The main sources of WAFs are meat animal
processing facilities, large food processing, service facilities, and the collection and
processing of animal mortalities by rendering companies [9]. About 1 million tonnes
of biodiesel was produced from inedible rendering by-products in 2018 in the EU
with a stable use of category 1 and 2 fats and a slight decrease in category 3 fat
[105]. The first biodiesel plants in the world using not only trap grease and WAFs
but also, the plants based on WCOs and palm fatty acid distillate were built in the
Netherlands and Hong Kong in 2010 and 2011, respectively, both with capacities
100,000 tonnes/year [106].

Different WAFs such as pork lard (rendered pork fat), tallow (beef tallow from
domestic cattle and mutton tallow from sheep), chicken fat, and grease are used as
feedstocks for biodiesel production [106]. Tallow is a waste final product generated
in slaughter, processing facilities, or by rendering operations. Its use is declined in
time due to changing feeding habits of people and the soap industry cannot take up
all produced excess WAFs. Recycled grease products are referred to as waste grease,
which is generally classified based on the FFA level in two categories, yellow
grease, and brown grease. Yellow grease is produced from animal fat and vegetable
oil that is heated, used for cooking, and collected from commercial or industrial
cooking businesses. It should have an FFA content of less than 15%. If the amount
of FFAs exceeds 15%, then the grease is classified as brown grease. It sometimes
referred as trap grease, a material that is collected in special traps in restaurants to
prevent the grease from entering the sanitary sewer system. They are inexpensive
material compared to food-grade vegetable oil and hence often cited as a potential
feedstock for biodiesel production. One kilogram of most WAFs can be converted
to a kilogram of biodiesel. If all the 5300 million tonnes/year of WAFs were con-
verted to biodiesel, it would replace about 5.7 million L of diesel fuel [9].

The problem with the processing of WAFs in biodiesel production is their gener-
ally high content of FFAs, which determines the viability of the transesterification
process. WAFs can be often converted to biodiesel using a base catalyst, but the
great problem is the formation of soaps, which leads to loss of catalyst and ester,
prevents separation of two fractions: biodiesel and glycerol and increases produc-
tion processing costs [107]. An alternative method is to use acid catalysts, which are
capable of catalyzing FFA esterification and TAG transesterification at the same
time. Although the water content of WAFs is relatively low, it can affect the conver-
sion [108]. For the base-catalyzed process, the conversion is slightly reduced when
more water was added, but when the acid catalyst was used, the addition of only
0.1% of water leads to some reduction of the yield of esters. The presence of water
has a more negative effect on transesterification than the presence of FFAs. To
achieve the best results, the water content of beef tallow should be kept not beyond
0.06% [109].

To exclude the disadvantages of both base and acid catalysts, two-step (acid/
base) processes for biodiesel production from WAFs with a high FFA content are
developed. They consist of the acid-catalyzed FFA esterification (pretreatment, first
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step) for reducing the FFAs below 0.5% [109], or to less than 2 mg KOH/g [110,
1117 and the base-catalyzed TAG transesterification (second step). In this way, com-
pared to one-step processes, it is possible to achieve high biodiesel yield in short
reaction time at mild reaction conditions. The only disadvantage of the two-step
process, compared to the one-step process, is the higher production cost.

4.1 One-Step Processes

Different alternative procedures, such as homogeneous and heterogeneous cataly-
sis, enzymatic production, and non-catalytic transesterification, have been studied
with the goal of achieving higher conversion and shorter reaction time in the one-
step processing of WAFs. The studies on one-step transesterification of different
WAFs are reviewed in Table 5.4. Acids, bases, and enzymes are used as catalysts in
these processes, although non-catalytic processes are also employed. Therefore, the
processes for biodiesel production from WAFs are classified as follows: (a) acid-
catalyzed, (b) base-catalyzed, (c) enzyme-catalyzed, and (d) non-catalyzed
processes.

4.1.1 Acid-Catalyzed Processes

The use of acid catalysts in transesterification reactions has not only advantages
such as the tolerance and less sensitivity toward the high FFA presence in the low-
cost feedstocks (>6%) but also disadvantages such as the slower reaction rate, the
requirement for higher alcohol-to-oil molar ratio, lower catalyst activity, and higher
reaction temperature [151]. Biodiesel yield in homogeneous acid-catalyzed trans-
esterifications is in the range 80-99%, and the reaction time is longer, compared to
the base-catalyzed process [112, 113]. Catalyst loading, alcohol quantity, reaction
temperature, and time are the factors that influence ester yield [112—-114]. Ethanol
is found to be better than methanol for converting WAFs from restaurants into esters
since the former gives lower viscosity and maximum conversion of 78% [114]. The
transesterification rate is usually greater at higher alcohol concentrations [113].
Also, with increasing catalyst quantity ester yield firstly increases up to the maxi-
mum value and then decreases, independently of WAF type and reaction tempera-
ture[112, 113]. This can be explained by the reversible nature of the transesterification
reaction [112]. Also, esters produced from WAFs using acid catalysis results in a
higher yield, compared to base catalysis [112].

Trap greases can be efficiently used for biodiesel production [115]. Two acid
catalysts were employed to optimize the reaction conditions for the esterification of
trap grease prior to the conventional base-catalyzed transesterification. Sulfuric acid
is a more efficient catalyst than Fe,(SO,); in reducing the FFA content of trap grease
under identical reaction conditions. Therefore, Montefrio et al. [115] recommended
H,SO, as a catalyst, although Fe,(SO,); has some advantages such as insolubility in
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methanol and grease, easily use and recovery, as well as the possibility of reduction
for equipment corrosion. Mixing intensity is a significant parameter in the efficient
pretreatment because of the heterogeneous nature of the reaction mixture. The effi-
ciency of esterification increases with mixing intensity much higher in the presence
of H,SO, than in the presence of Fe,(SOy); [115].

The type of a heterogeneous catalyst for biodiesel production from WAFs
depends on the FFA content in the feedstock. Base solid catalysts are preferable in
the case of WAFs with a lower FFA content [137, 139], while acid solid catalysts are
used for FAME synthesis from WAFs with high FFA content (>5%) [116-118, 120].
Different heterogeneous catalysts (basic, acidic, or mixed materials) can be used for
biodiesel production. Most of them, as metal hydroxides, metal complexes, metal
oxides such as calcium, magnesium or zirconium oxide, zeolites, hydrotalcites, and
supported catalysts, can overcome some of the drawbacks on the use of homoge-
neous catalysts [152]. Kim et al. [117] showed that ZrO, supported catalyst was
highly active for esterification of brown grease, while Bianchi et al. [118] recom-
mended strongly acidic cation-exchange resin Amberlyst for pretreatment of lard.
Zirconium-containing SBA-15 silica (Zr-SBA-15) displayed good catalytic activity
in FAME production by methanolysis of low-grade WAFs, accompanied by high
stability and reusability after calcination [120]. Also, diarylammonium salts sup-
ported onto silica SBA 15 were very effective for the esterification of FFAs in
greases [116].

In order to obtain biodiesel from brown greases with high FFA content (40% and
87%, respectively), Ngo et al. [116] and Kim et al. [117] developed new catalyst
technologies using different solid catalysts. Silica-supported diarylammonium and
ZrO, supported metaloxide catalysts were very effective in the conversion of waste
greases. The long-term activity of the ZnO/ZrO, catalyst has been also confirmed in
a packed-bed continuous flow reactor system for esterification of 90% technical
grade oleic acid as a model compound for brown grease with methanol [117]. The
FAME yield remained over 97% for 60 days.

Melero et al. [120] showed that for low-grade WASF, independently of their acid
value or unsaponifiable matter content, Zr-SBA-15 catalyst is highly active in the
simultaneous esterification of FFAs and transesterification of TAGs with methanol.

4.1.2 Base-Catalyzed Processes

Homo- and heterogeneously base-catalyzed transesterification reactions are often
used for biodiesel production from WAFs (Table 5.4). The most important factors
which influence the reaction rate and biodiesel yield are the presence of water and
FFAs in raw material, type and concentration of catalyst, alcohol-to-fat molar ratio,
reaction time, and temperature.

The high biodiesel yield (about or above 90%) was achieved in most of the stud-
ies, independently of the type of animal raw material and type of catalyst. For the
homogeneously catalyzed methanolysis of lard, the highest ester yield of about 98%
was achieved for only 20 min and at the alcohol-to-fat molar ratio 7.5:1 [130]. Also,
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in the methanolysis reaction of duck tallow (molar ratio 6:1), a high ester yield of
97% was obtained within 3 h [127]. Bhatti et al. [112] showed that the higher FAME
yield could be achieved using rather chicken than mutton fats at the same operating
conditions. Results of Mata et al. [128] showed that it was viable to produce bio-
diesel from three different feedstocks (tallow, lard, and poultry fat) at the same
operating conditions, whereby the highest yield was obtained using lard (91.4%).
Biodiesel B100 (100% biodiesel) from these feedstocks cannot be used in vehicle
engines without further additives introduction. Also, the high biodiesel yield was
obtained in the presence of solid catalysts using mutton fat [139] and poultry
fat [140].

The ester yield can be negatively affected by water and FFAs, so a pretreatment
is needed to reduce or eliminate FFAs from WAFs. To reduce water content, the
WAFs must be heated over 100 °C. The high acidity can be reduced in many ways,
namely by applying acid-catalyzed esterification of FFA, acid-catalyzed transesteri-
fication, or heterogeneous catalyst [129]. The water content in the reaction mixture
should be kept below 0.06%, while the FFA content should be kept below 0.5%.
Beef tallow with 0.3-0.9% FFAs [122, 123], duck tallow with 0.28% FFAs, and lard
with 0.33% FFAs [130] were successfully treated by homogeneously base-cata-
lyzed methanolysis, and high biodiesel yields (above 90%) were achieved. On the
contrary, Aradjo et al. [153] successfully performed transesterification of beef tal-
low with high acidity (above 3.6%) after heating and preliminary formation of a
microemulsion. However, Mutreja et al. [139] reported that catalyst MgO-KOH-20
was effective and tolerant to water or palmitic/oleic acids as FFAs.

The most used base catalysts in homogeneous transesterification are KOH and
NaOH. The initial catalyst concentration is a very important factor having an influ-
ence on the ester yield. The optimal amount of the base catalyst is in the range
0.5-1% (based on oil weight), which depends on type of WAFs, although some
researchers have reported slightly higher catalyst concentrations such as 2% [121].
An increase in catalyst amount increases the ester yield at a constant reaction tem-
perature [112, 124, 127, 130]. However, beyond a certain catalyst concentration, a
decrease in the FAME yield was observed due to soap formation [112, 124]. The
soap prevents separation of biodiesel from glycerol fraction, increases the biodiesel
viscosity, and decreases yield [124]. Comparing the type of catalyst under the same
operating conditions, Chung et al. [127] found that the lower ester yield was
obtained from duck tallow using CH;0ONa (83.6%) and NaOH (81.3%) than KOH
(97%). The KOH-catalyzed methanolysis of waste lard from piglet roasting takes
part in a pseudo-homogeneous regime, obeying to the irreversible pseudo-first-
order reaction law [132]. The reaction rate constant increases with raising the fatty
acid unsaturation degree. A higher conversion degree (>97%) was achieved with
waste lard within shorter reaction time (3 min) than with palm, sunflower, and waste
cooking oils. In the presence of n-hexane as a cosolvent, the FAEE yield in the
KOH-catalyzed ethanolysis of a blend of chicken fat and waste chicken oil is
enhanced up to about 97% and the biodiesel properties were improved compared to
the product of the non-solvent process [133]. This reaction follows also the first-
order kinetics. Miladinovi¢ et al. [134] have recently shown that the continuous
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KOH-catalyzed transesterification of waste lard with methanol in a reciprocating
plate reactor follows either the irreversible pseudo-first-order reactions or the reac-
tions involving the changing mechanism and TGA mass transfer. The positive char-
acteristics of continuous reciprocating plate reactor, such as frequent renewal of the
interfacial contact area, plug flow, and effective mixing between immiscible reac-
tants, shorten residence time (only 10 min) and make this novel reactor promising
for upgrading biodiesel production processes using homogeneously catalyzed trans-
esterification reactions.

For the heterogeneously catalyzed reaction, the preparation of basic catalysts is
particularly important. It could be carried out by a wet impregnation method with
the addition of an aqueous solution of KOH over MgO [139] or Al,O; [136], fol-
lowed by calcination of impregnated catalyst at a high temperature. Crystal nanon-
ization is an efficient technique for preparing catalysts for biodiesel production even
at room temperature because of reactivity and increased surface area of nanosized
oxides [140]. The calcination of hydrotalcite yields mixed oxides, which show high
surface areas and pore volumes, affecting positively their catalytic performance
[120]. The decrease in the amount of MgO catalyst impregnated with KOH showed
an increase in time for completion of the reaction [139]. An increase in catalyst
amount increases the ester yield [136, 139], but after a certain limitation in the cata-
lyst concentration, there is a decrease in the ester yield [136]. Mg-Al mixed oxide
was found to be thermally and mechanically stable, and no significant difference
was observed in particle size and morphology of the used catalyst. The similar
Mg-Al ratio of the fresh and used catalyst also confirmed that the catalyst did not
leach in the reaction mixture of poultry fat and methanol [141]. To catalyze the
transesterification of waste lard from piglet roasting with methanol, Stojkovi¢ et al.
[138] used powdered quicklime (<15 pm, basically CaO) and pure CaO in a batch
stirred reactor and quicklime bits (2.0-3.15 mm) in a continuous packed-bed tubular
reactor. The kinetic models involving the changing- and first-order reaction rate
laws with respect to TAGs and FAMEs, respectively, were verified for both reactors.
At the methanol-to-lard molar ratio of 6:1, the catalyst amount of 5% (based on the
lard weight) and the reaction temperature of 60 °C, a high FAME concentration in
the produced biodiesel (97.5%) for 1 h, were obtained with quicklime in two con-
secutive batches. Under the same reaction conditions and the residence time of 1 h,
the biodiesel yield in the continuous reactor was 97.6% while the FAME concentra-
tion in the biodiesel product was 96.5%.

The alcohol-to-fat molar ratio usually used in homogeneously catalyzed trans-
esterification of WAFs is 6:1 [101, 122, 123, 126, 128, 129, 154], although some
researchers suggest a higher molar ratio such as 7.5:1 [130] and 9:1 [125]. Some
authors [124, 127] showed that the ester yield did not increase when the alcohol-to-
fat molar ratio increased above 6:1. The authors generally agreed that the increase
in the initial alcohol-to-fat molar ratio up to a certain limit increased the ester yield
for both homogeneous [124, 125, 127] and heterogeneous [136, 137, 139, 141]
processes. The alcohol-to-fat molar ratios in heterogeneously catalyzed transesteri-
fication are higher, for example, 18:1 [137] and 30:1 [141].
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Homogeneous base-catalyzed transesterification of WAFs requires about 1-3 h.
It was observed that most of the methanolysis process occurred during the second
hour [124]. This could be associated with the molecular structure of the feedstock
that contains SFAs [124]. The exceptions area much lower reaction time in the case
of the lard methanolysis (0.33 h) [130] as well as the beef tallow methanolysis in the
presence of ultrasound (0.02 h) [123] and radio-frequency heating (0.083 h) [125].
It was shown that the conversion increased with the reaction time [124, 125, 127].
The required time for heterogeneously base-catalyzed processes is usually longer,
up to 8 h [141].

The WAF methanolysis has not been investigated in the wide range of reaction
temperature, and the optimal temperature is about 60-65 °C, independently of the
type of catalyst. Some researchers recommended lower temperature such as 30 °C
for the homogeneously catalyzed methanolysis of chicken and mutton fat [112], but
the lower ester yield was achieved. Also, the temperature of 20 °C was suggested for
the beef tallow methanolysis using radio-frequency heating [125]. The increase in
reaction temperature increases the biodiesel yield so that the average yield could be
increased roughly by 5% for every 5 °C for homogeneously catalyzed processes
[124]. The proportional increase in ester yield was also observed by the other inves-
tigators [127, 130]. The increase in reaction temperature improves the miscibility of
poultry fat and methanol in the presence of a heterogeneous catalyst [137, 139, 141].

Da Cunha et al. [122] performed the methanolysis of WAFs using KOH as the
catalyst in a continuous pilot plant aiming at the construction of an industrial-scale
plant (120,000 kg/day capacity) for biodiesel production from beef tallow. However,
it was necessary to introduce two additional steps: a methanol recovery from glyc-
erol and biodiesel and biodiesel separation using a centrifuge.

The solid catalyst could be reused without significant loss of activity [137, 140].
Catalyst nanocrystalline CaO can be successfully recycled three times, but it failed
in the fourth cycle [140].

Addition of cosolvent (hexane, toluene, or tetrahydrofuran) could not enhance
the conversion of poultry fat using Mg-Al hydrotalcite derived catalyst [141].

The application of ultrasonic irradiation for biodiesel production from waste ani-
mal fats has received little attention until recently. This method may be a promising
and effective alternative to the conventional method for the production of quality
biodiesel from WAFs [123, 131, 136]. The ultrasound-assisted KOH-catalyzed
transesterification of chicken fat with methanol provided a similar conversion
degree (94.8%) as the conventional method while the reaction time was signifi-
cantly reduced, making the former method superior to the latter method [131]. A
high FAME yield (about 92%) can be achieved in the shorter time, compared to the
conventional procedure (1 h), due to a collapse of the cavitation bubbles and ultra-
sonic jets that impinge methanol to TAGs and cause emulsification. Ultrasonic heat-
ing also reduces the reaction time of the solid catalyzed process [136]. Therefore,
the TAG methanolysis using ultrasound is feasible, time-saving, and economical
method for producing biodiesel. However, ultrasound reduces the activity of a solid
catalyst. After the completion of transesterification, the collected solid catalyst
could be refreshed by loading an additional catalyst amount and then reused [136].
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Beside microwave heating, radio frequency is another dielectric heating technol-
ogy with a similar mechanism, but simpler, considering the system configuration,
and with deeper energy penetration into the material [125]. It is more economical
and more suitable to apply in large-scale reactors than microwave heating. A con-
version of 96.3% was obtained in the transesterification of beef tallow with NaOH
under radio-frequency heating for only 5 min at 20 °C [125].

4.1.3 Enzyme-Catalyzed Processes

Enzymatic catalysts, lipases, are also used in the transesterification reaction of
WAFs via a one-step process. They can simultaneously catalyze TAG transesterifi-
cation and FFA esterification. Lipases are preferred to be used in immobilized form,
which allows easy reuse and control of the process. The review of the reaction con-
ditions of the lipase-catalyzed transesterification of WAFs providing a significant
ester yields is given in Table 5.4.

Inactivation of the enzyme that leads to the decrease in ester yields mostly
depends on the methanol concentration. This problem can be resolved by the step-
wise addition of alcohol. Three-step methanolysis is sufficient to convert TAGs
from lard to high ester yields [142, 143]. In the first and second steps of alcohol
addition, the conversions are low, but methanol is completely soluble in the obtained
ester in the third step, making the enzyme-substrate contact more sufficient. Also,
Lee et al. [142] applied porous materials, such as silica gel, to keep the lipase active
during the reaction when excess methanol was used.

Temperature is an important factor in the enzymatic processes of biodiesel syn-
thesis. Generally, the enzymatic reaction is performed at temperatures between 30
and 50 °C [136, 142, 143, 145, 146]. Higher temperatures denature the enzyme, lead
to the loss of solvents through volatilization [143], and decline the product
amount [146].

Water content is one of the key parameters in the enzyme-catalyzed process,
because it affects the catalytic activity of lipase. According to Lu et al. [143], the
FAME yield decreases when the water content is more than 30% due to reduced
homogeneity of substrate mixtures. Several organic solvents are indicated for their
suitability in the enzymatic production of biodiesel [143]. In the lard methanolysis
catalyzed with Candida lipase, the ester yield increases by the addition of n-hexane
in the reaction mixture [143], although the immobilized Candida lipase can convert
lard effectively to esters in a solvent-free system [142]. Generally, enzyme-cata-
lyzed transesterification is performed with a high lipase amount (about 4-20%). The
FAME yield increased rapidly with increasing the amount of lipase up to 20% but
slowly above this limit [143].

The main drawback of the enzyme-catalyzed process, the high cost of the lipase,
can be reduced by enzyme immobilization, which enables the reuse and easy recov-
ery of the enzyme. Immobilized lipase is operationally stable over seven repeated
cycles of the lard methanolysis with no evident decrease in the lipase activity [143].
Also, two immobilized lipases (non-specific Novozym 435 and 1,3 specific
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Lipozyme TL-IM) were successfully reused for 20 cycles [136]. The combined use
of these two lipases is a potential way to reduce the cost of enzyme-catalyzed bio-
diesel production from lard using methanol as acyl acceptor and tert-butanol as the
solvent [136].

The enzymatic approach in the presence of supercritical carbon dioxide (SC-
CO,) has been also applied [147, 148]. When WAFs, which have a high melting
point close to the denaturation temperature of lipase, are used for biodiesel produc-
tion, they must be dissolved in a solvent. SC-CO, can be proposed as an alternative
to organic solvents which have a harmful effect on human health. The enzymatic
process of WAF transesterification using SC-CO, has many advantages [148].
Beside low temperature, there is no need for feedstock purification, and lipase is
capable of transesterification of TAGs and esterification of FFAs present in the feed-
stock. However, the optimum ester yields obtained in the presence of lipase
Novozym 435 are low (about 50%). By investigating the effects of enzyme loading,
reaction temperature, and methanol-to-fat molar ratio on ester yield, Taher et al.
[147] showed that FAME yield increased with both enzyme loading and time. The
increase in reaction temperature resulted at first in an increase in ester yield because
of the increase in rate constants and the reduction in mass-transfer limitations.
Further, an increase in temperature resulted in a drop in ester yield because of the
denaturation of the enzyme. The critical temperature at which the enzyme starts to
deactivate was different, depending on the type of lipase and immobilized surface.
As expected, the increase in methanol-to-fat molar ratio from the stoichiometric one
resulted in the increased FAME yield to an optimum value, but after that the yield
dropped due to inhibition of lipase by methanol [147]. A combined continuous pro-
cess of extracting fat from meat and ester synthesis using SC-CO, in an integrated
system seems to be economically feasible [148]. The drop in enzyme activity was
observed in the third meat replacement cycle of the continuous experiment, com-
pared to that of the first one. The inhibition effect of methanol is clearly seen from
the higher drop in enzyme activity with the increase in methanol-to-fat molar ratio.

4.1.4 Non-catalyzed Processes

Recently, the transesterification of WAFs using supercritical methanol has been sug-
gested to overcome the drawbacks of homogeneous catalytic processes. This non-
catalytic process is simpler, environmentally friendly, and does not require any
pretreatment of inexpensive unrefined WAFs [147, 150]. Furthermore, the presence
of water and FFAs do not affect the ester yield because TAG transesterification and
FFA esterification occur simultaneously. For example, different waste lard samples
containing various FFAs and water contents were treated successfully using a super-
critical process [150]. Obtained FAMESs from waste lard with no pretreatment were
found to be comparable with those from refined lard. A review of the operating
conditions applied in supercritical one-step processes in batch and continuous reac-
tors is given in Table 5.4.
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Marulanda et al. [149, 155] investigated the effect of temperature, pressure, alco-
hol-to-fat molar ratio, and residence time on the chicken fat conversion and the
product quality in batch and continuous reactors under supercritical conditions. A
preheating of the feedstock at high temperature (350 °C) was used without a signifi-
cant thermal fat decomposition. Furthermore, it was concluded that the transesteri-
fication was not a reverse reaction at 300—400 °C, but by-product (glycerol) was
thermally decomposed. Thus, a continuous process with a moderate excess of meth-
anol and in situ glycerol decomposition could be used as very promising for pro-
cessing WAFs and increasing biodiesel profitability [155].

The reaction pressure does not significantly affect the efficiency of the TAG con-
version at high temperature, but slightly changes the composition of product [155].
Usually, a high biodiesel yield can be achieved at a pressure of 20-40 MPa [149,
155]. When the methanol-to-fat molar ratio was increased, the complete conversion
was achieved, but excess methanol was also consumed in other thermal reac-
tions [155].

The ester yield in a tubular reactor initially increased as the residence time
increased to a maximum value and then decreased at longer residence times, which
was attributed to the thermal decomposition of initially formed FAMEs under
supercritical conditions [155].

4.2 Two-Step Processes

A review of two-step homo- and heterogeneous transesterification processes
employing different WAFs is presented in Table 5.5. Most studies were related to
the use of homogeneous catalysts. The important factors affecting the acid value in
the first and the ester yield in the second step are the type of feedstock, type and
concentration of catalyst, alcohol-to-fat molar ratio, reaction temperature, and time.

The most important property of acid catalysts used in the two-step processing of
WAFs is the possibility of simultaneous accomplishment of esterification and trans-
esterification. Independently of the type of WAFs, sulfuric acid is mainly used as an
acid catalyst (the required amount varied from 0.5% to 20%) in the first stage of the
process. The most used base catalysts in the second stage of the process are KOH,
NaOH, or CH;0Na (the required amount varied from 0.4% to 1%). The catalyst
amount is the most important factor affecting product quality.

After the addition of a mixture of acid catalyst and methanol into heated WAFs,
the initial acid value decreases and then intends to stabilize [113, 156—158]. This
behavior is attributed to the migration of the catalyst into the accumulated water, so
becoming unavailable for the reaction [113]. The increase in base catalyst amount
in the second step to the optimal value enhances the ester yield considerably, after
which a slight decrease is observed because of soap formation [104, 113, 156, 157].
Actually, there is a desired level of acid or base catalyst amount bellow which the
acid value or the ester yield is not reduced.
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Among mineral acids applied so far in the first step, sulfuric acid is the most
effective. Sulfamic [158] and phosphoric [113] acid are poor catalysts, as they do
not reduce the FFA content of the WAFs significantly.

Methanol is the mainly used alcohol in both steps of the WAF processing.
Independently of the type of catalyst, the optimal molar ratio of methanol-to-fat in
both steps is varied in the range of 6:1 to 40:1. The increase in methanol-to-fat
molar ratio in the first step leads to the reduction of the acid value to the optimal
level [113, 157, 158], because the excess of methanol promotes reaction completion
keeping the acid in methanol phase [113]. With increasing molar ratio methanol-to-
esterified fat in the second step, the ester yield continuously increases to the optimal
value and then remains the same or slightly rises [104, 157]. Encinar et al. [113]
believed that for ratios higher than the optimal one, the excess of methanol could
favor slightly the recombination of esters and glycerol to MAGs.

The reaction temperature for the transesterification of WAFs is a particularly
important factor because of the high-fat melting point. The optimal reaction tem-
peratures in both process steps are close to the boiling point of alcohol, i.e., in the
range of 60—65 °C, when the maximum ester yield was obtained. The increase in
reaction temperature decreases the acid value during the reaction time in the first
step [113, 162]. If the temperature in the second step was adjusted at 50 °C, the
reaction could not be started [104]. The increase in temperature in the range from 62
to 70 °C caused a decrease in the biodiesel yield because of methanol evaporation
[104]. In the temperature range of 25-60 °C, the ester yield increases with increas-
ing the reaction temperature [159]. The reaction temperature and time are interac-
tive parameters in the transesterification reaction. The acid value decreases with
time at different reaction temperatures [113, 158]. Decreasing is higher in the initial
period of the reaction when the esterification of FFAs is almost complete [113, 162].

Several research groups have optimized the two-step biodiesel production from
WAFs by conventional [160, 161, 163] and novel methods involving ultrasonication
[164] and microwave heating [165]. Chavan et al. [160] optimized the alkaline
transesterification step of biodiesel production from chicken fat oil by methanol
whereas Keskin et al. [161] conducted the optimization of the esterification step of
biodiesel production from broiler rendering fat with methanol in the presence of
sulfuric acid. The overall FAME yields from these feedstocks were 89% [160] and
87.4% [161]. While the biodiesel from chicken fat oil contains 97.7% FAME [160],
thus satisfying the standard limit, the final product from broiler rendering fat was
95.5%, i.e., below the limit. However, Sarantopoulos et al. [163] optimized both
steps of biodiesel production from waste lard under mild conditions. The esterifica-
tion step is significantly affected by the methanol:FFA ratio and the reaction time,
and the feedstock acidity. On the other side, the transesterification reaction is posi-
tively affected by the reaction, time, KOH concentration, and methanol:TAG ratio.
Furthermore, two empirical models describing the evolution of the two-step bio-
diesel production process were developed, which could be useful for scaling-up the
two-step process. He et al. [164] enhanced biodiesel production from diseased
swine fat by an ultrasound-assisted two-step catalyzed process. The response sur-
face methodology provided the following optimal transesterification reaction condi-



206 V. B. Veljkovi¢ et al.

tions: the catalyst concentration of 1.11%, reaction temperature of 62.3 °C,
methanol-to-oil molar ratio of 7.42:1, and the reaction time of 116.14 min, which
ensured the 98.0% biodiesel purity within 176 min, thus shortening the overall pro-
cess nearly three times compared with the one-step process. Lawan et al. [165] car-
ried out biodiesel production from waste lard in a microwave reactor using calcium
oxide (CaO) loaded on zeolite as a catalyst. Under the optimal reaction conditions,
the FAME yield of 90.9% from the pre-esterified feedstock was achieved in a shorter
time (135 min).

In order to prevent yield losses caused by the dissolution of FAMEs in the glyc-
erol phase, Frohlich et al. [126] investigated the possibility of esterifying FFAs
either before or after base-catalyzed methanolysis of low-grade tallow (FFA content
>8%) into biodiesel-grade esters. Under optimum laboratory conditions, base-cata-
lyzed methanolysis followed by esterification of FFAs in the presence of different
acids gave almost theoretical yields (about 98%). Considering the relatively large
amounts of reagents required for neutralization in that case, it was concluded that
the initial esterification of FFAs from tallow was a more convenient process for
large-scale biodiesel production. Also, comparing the two- with the one-step base-
catalyzed conversion of the same starting material, a much higher ester yield was
obtained in the former case.

Ngo et al. [103] demonstrated that the polymer-immobilized catalysts were
equally effective as their homogeneous counterparts in esterifying FFAs to esters
and were readily recycled and reused at least three cycles for esterification upon
reactivation with triflic acid. The resulting ester-AG mixture was then readily con-
verted to total esters by base-catalyzed transesterification. However, when the reac-
tivated catalyst was used for the fourth time under similar reaction conditions, a
significant drop in the esterification activity was observed.

5 Biodiesel Production from WCOQOs

WCOs are promising feedstocks for biodiesel production because of their lower
price than that of pure edible vegetable oils and easy availability. Some WCOs are
used for fodder making and soap production, but major quantity is disposed of and
thrown into landfills causing environmental pollution, such as water contamination.
Since 2002, the European Union has prohibited the use of these oils in animal feed-
ing due to the presence of harmful compounds that are formed during oil frying.
The amount of WCOs depends on the amount of edible oil consumption, and it
is different in various world regions. For example, the amount of WCOs per year
was estimated to be from 0.3 to 0.4 million tonnes in the United States, 0.135 mil-
lion tonnes in Canada, 0.14 million tonnes in India, and 0.7—-1.0 million tonnes in
EU countries [166]. Thus, WCOs can be a potential source for biodiesel production.
However, there is a lack of information on the overall WCO quantity used for bio-
diesel production annually in the world. The reported capacities of commercial
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plants for biodiesel production from WCO range from small (about 1-19 million L/
year) [167-170] to large (16 million tonnes/year) [171].

Biodiesel production from WCOs depends on their physicochemical properties,
which differ from “fresh” oils due to thermolytic, oxidative, and hydrolytic reac-
tions occurring during frying. These chemical reactions lead to the formation of
undesirable products (oxidized TAGs and DAGs, FFAs, polymers, dimmers),
increasing viscosity, density, and tendency to foam, changing in the surface tension
and color [172]. Knowing the properties of WCOs, amounts of FFAs and water
above all are the first condition for successfully defining the method for its conver-
sion into FAAEs.

The presence of undesirable compounds in WCOs has a negative effect on the
course of transesterification reaction and FAAE yield, which makes appropriate pre-
treatment necessary. Depending on the quality of WCOs, pretreatment includes
removal of suspended solid particles by filtration and decrease in moisture and FFA
content. To decrease the FFA amount in WCOs, base neutralization [172, 173] and
distillation [174] are recommended. Neutralization of FFAs is required especially in
the case of base-catalyzed transesterification and can be performed as pretreatment
of the oil [173], or simultaneously with transesterification reaction by adding excess
catalyst than the amount necessary for catalysis [175]. Decreasing the FFA content
prevents soap formation and catalyst consumption. The soap causes gel formation,
makes glycerol separation difficult, and reduces ester yield. Water, present in the
WCO, hydrolyzes AGs and esters to FFAs which subsequently form soap. Usually,
water amount is decreased by heating, adsorption, evaporation, and distillation in
vacuum or treatment with magnesium sulfate, silica gel, and calcium chloride [172,
176]. Drying of WCOs in industrial conditions is commonly done by distillation in
a vacuum (0.05 bar) and at a temperature from 30 to 40 °C [177]. Simultaneous
decrease in FFAs and water amount is achieved by the treatment of WCOs with a
mixture of aluminum oxide and magnesium silicate [142] or by steam injection and
sedimentation [178].

FAAEs from WCOs are produced in one- and two-step processes, depending
mainly on the quality of the oily feedstock. Acid, base, or enzyme catalysts can be
used or the transesterification reaction can be performed without catalyst under
supercritical alcohol conditions. The application of each type of catalyst has certain
advantages and disadvantages, which are influenced mainly by the amounts of FFAs
and water in WCOs.

5.1 One-Step Processes

Table 5.6 summarizes the researches on biodiesel production from WCOs in one-
step processes, as well as the applied reaction conditions and their optimal values
for achieving the highest ester yield.
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5.1.1 Acid-Catalyzed Processes

Acid catalysts are insensitive to the presence of FFAs in the oil and can catalyze
esterification and transesterification reactions simultaneously, which makes them
suitable for the production of biodiesel from low-cost WCOs with high FFA content
[107, 185]. The advantage of the acid-catalyzed process is no soap formation. The
FFA esterification reaction is relatively fast, while the TAG transesterification is
slow and takes a long time. The main disadvantage of acid-catalyzed reaction is a
slower reaction rate, compared to the base-catalyzed reaction. Lotero et al. [107]
explained the low activity of homogeneous acid catalysts by different reaction
mechanisms of acid- and base-catalyzed transesterification reactions. Another
drawback of the acid-catalyzed process is the inhibition of the reaction by the water
formed in FFA esterification, which stops the reaction before reaching the comple-
tion [166]. Also, the homogeneous catalysts are no reusable and their use causes
problems with catalyst separation, acidic effluent, and serious environmental prob-
lems as well as the high cost of equipment and corrosion-related problems [183,
185, 244]. As already said, the use of heterogeneous acid catalysts could eliminate
these problems, offering several benefits compared to homogeneous acid catalysts
such as easy separation from the reaction mixture, simple purification of the prod-
ucts, reusability with or without regeneration, less environmental impact, and less
corrosion of equipment [188, 244]. Due to its environmentally and economically
advantageous, the heterogeneously catalyzed process is referred to as a green pro-
cess [176].

Commonly used homogeneous acid catalysts in transesterification of WCOs are
inorganic acids (sulfuric acid, hydrochloric acid, and phosphoric acid) and sulfo-
nated organic acids. Among them, the most often used is H,SO, due to its higher
catalytic activity [180]. The scheme of biodiesel production from WCOs by H,SO,-
catalyzed transesterification is shown in Fig. 5.7. The catalyst amount is variable
and significantly influences the ester yield. A low catalyst amount is not suitable
because the reaction is incomplete, while the high catalyst amount can cause the
water formation and decrease in ester yield. Different optimal H,SO, loadings have
been reported so far (Table 5.6), which ranges (based on the oil weight) from 1.5%
[179] to almost 15% (or H,SO,-to-oil molar ratio 1.3:1) [181].

Recent investigations of biodiesel production from WCOs are directed toward
the use of heterogeneous acid catalysts which have strong potential to replace
homogeneous catalysts [185]. Different heterogeneous acid catalysts have been
employed (Table 5.6), such as heteropolyacid, cation-exchange resins, 12-tungsto-
phosphoric acid supported on niobium, MoO;, WO;, zinc stearate, zinc ethanoate
and 12-tungstophosphoric acid supported on silica or zirconia, cation-exchange
resin/polyethersulfone, and polystyrene sulfonic acid/polyvinyl alcohol catalytic
membranes. Compared to H,SO,-catalyzed methanolysis, high ester yields are
achieved in the presence of higher solid catalyst amounts and in longer reaction
times. The optimal catalyst amount and reaction time are influenced by the catalytic
activity of the heterogeneous catalyst, active site concentration, specific surface
area, as well as pore size and volume [245]. In methanolysis catalyzed by zinc stea-
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Fig. 5.7 Simplified block flow diagram of the acid-catalyzed process. (Adapted from [91])

rate immobilized on silica, the highest FAME yield of 98% was obtained at the cata-
lyst amount of 3% within 10 h [185], while the optimal catalyst amount and time for
a cation-exchange resin (NKC-9) catalyzed methanolysis were 18% and 3 h, respec-
tively [195].

One of the most important variables affecting the ester yield is the methanol-to-
oil molar ratio. Wide ranges of the methanol-to-oil molar ratio of 4:1 to 250:1 and
1:1 to 110:1 have been used in homogeneously and heterogeneously catalyzed
methanolysis, respectively. Generally, different molar ratios at which the maximum
ester yield is reached have been reported. For H,SO,-catalyzed methanolysis of
WCOs, the optimal methanol-to-oil molar ratio is 6:1 [179] while Zheng et al. [182]
suggest a much higher value of 245:1. According to Feng et al. [195], the methanol-
to-oil molar ratio of 3:1 provides achieving the highest FFA conversion in WCO
methanolysis catalyzed by cation-exchange resin, while Talebian-Kiakalaieh et al.
[189] and Cao et al. [190] observe the optimal molar ratio of 70:1 for heteropoly-
acid-catalyzed methanolysis. It is obvious that the optimal methanol-to-oil molar
ratio depends on the catalyst type and other reaction conditions, and it should be
established experimentally.

Reaction temperature has no significant influence on final ester yield but higher
temperatures increase the reaction rate and consequently decrease the reaction time
[150]. Different values of the optimal reaction temperature for the H,SO,-catalyzed
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methanolysis of WCOs have been reported such as 60 °C [184], 65 °C [179], and
80 °C [182]. The reaction temperature is more crucial in the case of using a solid
catalyst because of the existence of a three-phase system which causes mass-trans-
fer limitation, especially in the initial reaction period. High reaction temperature
increases rates of both mass transfer and chemical reaction and enables achieving a
high ester yield in short reaction time. If the heterogeneous catalyst poses strong
acidity, high catalytic activity, and suitable textural properties, such as heteropoly-
acids [189-191], some cation-exchange resins and catalytic membranes [193, 194],
the optimal temperature is around the boiling temperature of methanol, although the
long reaction time is required for achieving the highest FAME yield. In the case of
SO, /Sn0,-Si0, [187] and 12-tungstophosphoric acid supported on Nb,Os [192],
much higher temperatures are suggested (150 °C and 200 °C, respectively).

Recently, novel carbon-based solid acid catalysts have been developed for bio-
diesel production from WCOs having high FFA content [196, 246]. They are
obtained by sulfonation of incompletely carbonized carbohydrates: D-glucose,
sucrose, cellulose, or starch. Incomplete carbonization leads to a rigid carbon mate-
rial, which after sulfonation becomes a highly stable solid with a high density of
active SO;H sites. These, so-called “sugar catalysts,” are characterized by excellent
catalytic performance for the methanolysis of WCOs without leaching of SO;H
groups during the reaction. According to Lou et al. [196], the best catalytic activity
for WCO methanolysis has a starch-derived catalyst providing the 92% ester yield
at a methanol-to-oil molar ratio of 30:1, catalyst amount of 10%, and 80 °C. The
starch-derived catalyst is recyclable, stable, and promising for the development of
an eco-friendly process for biodiesel production.

The possibility of reusing heterogeneous catalysts is another of their advantages,
which enables the reduction of the process cost. Before reusing, catalysts are regen-
erated by washing with methanol [190, 191] or hexane and methanol [185, 189] to
remove adsorbed compounds, or only filtered without any treatment [196]. Zinc
stearate/Si0, [185] and H;PW,0,, - 6H,0O [189] were reused up to four times and
Zro7Ho,PW 1,04 [191] five times without serious loss in their catalytic activity. The
cation-exchange NKC-9 resin exhibited excellent reusability for ten runs, and even
an enhancement of catalytic activity was observed, which was attributed to the
increase in the surface area due to the breaking of resin particles under agitation
[195]. The excellent operational stability was observed for a starch-derived catalyst
even after 50 cycles of successive reuse without any treatment of the used cata-
lyst [196].

The reusability and stability of heterogeneous catalysts allow the development of
continuous processes, which enable larger biodiesel productivity and reduced pro-
duction cost, so they are acceptable for industrial biodiesel production. The continu-
ous process for WCO methanolysis catalyzed by a heteropolyacid was developed by
Noshadi et al. [188]. The process was conducted in a reactive distillation column,
which combines reaction and separation of the products. At a total feed flow rate of
116.23 mol/h and inlet feed temperature of 30 °C, the FAME yield of 93.9% was
obtained. Wang et al. [247] proposed a continuous process for biodiesel production
from WCO by using the SO,*/TiO,~SiO, solid acid catalyst. The production pro-
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cess was carried out in a sequence of three reactors with the countercurrent flow of
vaporized methanol. Based on this process, an industrial demonstration plant with
an annual capacity of 10,000 tonnes of biodiesel was built [247]. Park et al. [248]
reported a continuous process for biodiesel production from WCO by using the
pellet-type WO,/ZrO, catalyst. The process was carried out in a packed-bed reactor.
However, the steady-state conversion obtained in a 140 h is 70%, and further
improvement of the proposed process is needed. The FAME synthesis from acidi-
fied WCO was carried out in a packed-bed reactor with cation-exchange resin
NKC-9 [249]. At mild optimal reaction conditions, the achieved FFA conversion
was over 98% during 500 h of continuous running, indicating high efficiency and
operational stability of the process.

5.1.2 Base-Catalyzed Processes

Base-catalyzed transesterification is the most commonly used method for the pro-
duction of biodiesel from WCOs with low FFA content (less than 2%). However, if
FFA content in the WCOs is more than 6%, the base catalyst is not suitable [107].
Generally, base-catalyzed WCO methanolysis occurs at milder reaction conditions,
compared to the acid-catalyzed reaction. Apart from the oil properties, the reaction
rate and FAME yield depend on the type and amount of the catalyst, methanol-to-oil
molar ratio, reaction temperature, and agitation intensity of the reaction mixture.
Homogeneous base catalysts are commonly used in biodiesel production because of
their high catalytic activity at mild reaction conditions, achieving high ester yield in
short reaction time, easy availability, and low cost. The scheme of the homogeneous
base-catalyzed biodiesel production process from WCOs with FFA neutralization as
pretreatment is shown in Fig. 5.8 [250]. Applying heterogeneous catalysts in bio-
diesel synthesis from WCOs is the subject of recent researches, and different com-
pounds were investigated as catalysts.

The most commonly used homogeneous base catalysts for WCO transesterifica-
tion are KOH, NaOH, and CH;ONa. Dorado et al. [198] compared the catalytic
activity of KOH and NaOH in transesterification of WCO with FFA content in the
range of 2.76% and 4.33% and concluded that the KOH-catalyzed reaction was
faster than the NaOH-catalyzed one. Other researchers also considered that KOH is
an optimal catalyst [197, 200, 201]. Exceptionally, Dias et al. [172] reported that
KOH was less effective than the sodium-based catalysts. Despite a slower reaction
rate, NaOH is often used as a catalyst in WCO transesterification [175, 177, 199,
208]. The amount of base catalyst depends on the type of oil used [210] and ranging
from 0.6% [177] to 1.26% [198], based on the oil weight, but according to most
investigations, the optimal amount is 1%.

Different solid catalysts were used in the methanolysis of WCOs: metal oxides
(pure or as oxides mixture), hydrotalcites, resins, and hydroxides loaded on support.
As in the case of acid-catalyzed transesterification, high ester yield in the heteroge-
neously base-catalyzed reaction is achieved in the presence of higher catalyst
amounts. The optimal amount depends on the catalyst type, and it is ranging from
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from [215])

3%, based on the oil weight, for activated carbon-supported KF [213] to 100% for
calcined waste coral fragments [220].

Ester yield is significantly affected by the used amount of methanol. The homo-
geneous base-catalyzed methanolysis of WCOs was studied in the range of metha-
nol-to-oil molar ratio from 3:1 to 15:1. Most researchers suggest the methanol-to-oil
molar ratio of 6:1 as the optimal one [197, 200, 201, 203, 205, 206, 251], although
some researchers suggest somewhat higher mole ratios, such as 7:1 [208], 7:1-8:1
[210], and 12:1 [204]. On the other side, Felizardo et al. [177] found out that the
optimal methanol-to-oil molar ratio for NaOH-catalyzed methanolysis of WCO was
4.8:1. For heterogeneously catalyzed reaction, the optimal methanol-to-oil molar
ratio is generally higher compared to the homogeneous reaction. According to most
researchers, it is higher than 15:1 (Table 5.6), and in some cases, it reaches 30:1
[211] or even 50:1 [217].

Transesterification of WCOs was performed at different temperatures, depending
on their properties, catalyst type, and applied reaction conditions. The optimal reac-
tion temperature is in the range from ambient temperature [197, 198, 207] to the
boiling temperature of alcohol [177, 200, 201]. The heterogeneously catalyzed
methanolysis is performed at a higher temperature, compared to a homogeneously
catalyzed reaction. The reaction temperature goes from 60 °C [212] to as high as
200 °C [186] to achieve ester yield more than 96%.

The agitation intensity is of particular importance for the methanolysis rate,
especially in the initial reaction period, since the reactants are immiscible and a
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poor mass transfer between two phases limits the overall process rate. Therefore,
intensive mixing is required in order to increase the reaction rate and to short the
reaction time [202, 220].

Nowadays, high-efficient catalysts for the methanolysis reaction with CaO as the
main component have been obtained from waste materials. Boey et al. [222] used a
mixture of CaO from waste mud crab shells and cockleshells and boiler ash from
agricultural waste in the methanolysis of WCO and achieved ester yield of 99%
under mild reaction conditions. The CaO obtained by calcination of chicken manure
was a promising catalyst for WCO methanolysis [226]. Calcined waste coral frag-
ments [220] and calcined snail shell [194, 227] give the FAME yield in WCO meth-
anolysis above 98%. Valuable catalysts for biodiesel synthesis consisting mainly of
hydroxyapatite, CaO, and Ca(OH), can be derived from waste animal hard tissues
using the thermal calcination method. Such catalysts, obtained from waste chicken
bones [228] and waste quail beaks [229], were efficient in WCO methanolysis.
Effective solid base catalysts for methanolysis reaction were also barium-enhanced
waste marble catalyst [223] and potassium-loaded pumice [219].

The catalyst reusing is the subject of many studies in order to obtain high active
and stable heterogeneous catalysts which are important for the development of con-
tinuous processes. Some catalysts could be reused after the appropriate regeneration
method. TiO,—MgO mixed oxide after washing with methanol [217] and calcined
layered double hydroxides CaAl, 5 after recalcination [214] were reused in four
cycles without considerable change in their activity. Borges et al. [219] reported that
potassium supported pumice could be reused up to five times after more complex
regeneration consisting of washing with ethanol and new ionic exchange of pumice
with KOH solution and calcination. The excellent stability was observed for cal-
cined waste coral fragments, which was reused without regeneration up to five
cycles reaching FAME yield more than 94%. The natural availability of this cata-
lyst, together with its high stability and possibility to catalyze the methanolysis of
WCO, makes it as promising for large-scale biodiesel production.

Shibasaki-Kitakawa et al. [215] developed a continuous process for biodiesel
production using anion-exchange resin, Diaion PA306S, in an expanded-bed reac-
tor, where a FAME yield of 93 mol% was achieved under mild reaction conditions.
The methanolysis of WCO was also performed in a pilot plant consisting of a
packed-bed reactor with recirculation of the reaction mixture [216]. CaO obtained
by calcination of crushed limestone was packed into the reactor, and the obtained
FAME yield was over 99%. The process was successfully repeated 17 times, and the
FAME yield remained over 96.5% for every run. Zik et al. [230] also used the
packed-bed reactor with recirculation for biodiesel production from WCO in the
presence of a catalyst consisting of CaO and nanocrystal cellulose (obtained from
chicken bone and coconut residues, respectively) supported with polyvinyl alcohol.
The highest biodiesel yield (98.4%) was obtained under mild conditions (methanol-
to-oil molar ratio 6:1 temperature 65 °C, and catalyst loading 0.5%). The catalyst
was reused four cycles with maintaining the biodiesel yield above 90% [230].
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5.1.3 Enzyme-Catalyzed Processes

Enzyme-catalyzed methanolysis can be successfully used for FAME synthesis from
WCOs because of the insensitivity of the enzymatic reactions to FFAs and water
amount, easy recovery of product, mild reaction conditions, and catalyst recycling.
However, the main disadvantages of enzyme-catalyzed processes are a low reaction
rate and a long reaction time needed for achieving high ester yield. Therefore,
researches are directed toward the possible improvement of this process, which
mainly involves an increase in lipase catalytic activity by techniques of immobiliza-
tion, optimization of reaction parameters, and application of new reactor systems.
High FAME yield from a WCO (about 93%) was achieved by the application of the
immobilized Penicillium expansum lipase in the presence of an adsorbent (silica
gel), which efficiently controlled the amount of water and positively affected the
ester yield [236]. Recently, four different lipases from C. antarctica, T. lanuginosus,
R. miehei, and P. fluorescens are most often used as catalysts for WCO
transesterification.

Due to lipase inactivation by methanol, enzyme-catalyzed processes are usually
performed at a low methanol-to-oil molar ratio, most often at the stoichiometric
amount and with stepwise addition of methanol in accordance with the dynamics of
its consumption [237, 252]. In the WCO methanolysis catalyzed by Candida sp.
99-125 lipase immobilized on the cotton membrane, the FAME yield increased five
times when methanol was added in three steps, compared to single-step methanol
addition [252]. Also, the higher methanol amount can be used if the process is car-
ried out in the presence of ionic liquids and solvents which improve mutual solubil-
ity of TAGs and methanol and also protect enzymes from denaturation [38, 232,
233, 253]. The FAME yield obtained in the WCO methanolysis in the solvent-free
system and in the presence of n-hexane (20% to the oil) was increased from
65% to 91%.

The organic solvent can ensure a homogeneous reaction mixture, reduce their
viscosity and mass-transfer limitation, accelerate the reaction rate, and stabilize the
enzyme. On the other side, the use of solvents increases the cost of the purification
steps at the end of the production process [254]. Various organic solvents such as
n-hexane, n-heptane, cyclohexane, acetone, benzene, chloroform, toluene, petro-
leum ether, fert-amyl alcohol, tert-butanol, acetonitrile, and isooctane have been
used in the enzymatic biodiesel synthesis [233, 237, 252], but n-hexane is the most
suitable one [237, 252]. Although hydrophilic solvents are much less effective, fert-
butanol ensured high ester yield due to its moderate polarity and possibility to dis-
solve glycerol and methanol, resulting in high lipase stability [233]. Recently, ionic
liquids [232] and supercritical CO, [253] have also been used as solvents in the
enzymatic transesterification.

The lipase activity is influenced by the presence of water in the reaction media
[38, 252, 255], since it increases the interfacial area between aqueous and organic
phases where lipase acting [242]. However, excess water leads to the hydrolysis
reaction and the reduced FAME yield. For example, FAME yield increased from
31% to 91% as water content increased from 0% to 10% of the WCO, and then
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decreased as water content rose from 10% to 20% [37]. The optimal water amount
depends on the feedstock, the lipase, the immobilization support, and the organic
solvent employed.

Compared to chemically catalyzed reaction, the transesterification of WCOs
catalyzed by lipase is performed at the low reaction temperature, and the optimal
one is usually up to 45 °C. Exceptionally, Chesterfield et al. [231] and Dizge et al.
[255] recommend a higher reaction temperature (65 °C).

In order to improve the lipase catalytic activity and to increase FAME yield, the
researchers have investigated the use of different carriers for the enzyme immobili-
zation such as textile materials (338, 252) and microporous polymeric matrix [255],
using a lipase mixture [253], recombinant cells [256], or dual lipase modification
procedure composed of cross-linking and protein coating with K,SO, [257].

The enzymatic biodiesel production is usually performed in a batch stirred tank
reactor. The use of continuously operated reactor contributes to the reduction of
operational costs and increases the biodiesel productivity. Packed-bed reactors are
suitable and most often applicable to biodiesel production [254]. The main disad-
vantage of using this type of reactor is that the glycerol remains at the reactor bot-
tom and can be adsorbed on the lipase surface and decreased the process efficiency.
Therefore, glycerol must be removed during the production process. Recently, sev-
eral studies reported the application of a packed-bed reactor for the enzyme-cata-
lyzed methanolysis of WCOs. The reaction setup consisting of two packed-bed
reactors was used for WCO methanolysis catalyzed by Novozyme 435, and the
reaction conditions were optimized for achieving the highest ester yield [258]. The
obtained FAME yield was 80%, and it retained longer than 120 h. Nie et al. [252]
conducted the WCO methanolysis catalyzed by Candida sp. 99—125 lipase immobi-
lized on the cotton membrane in a series of nine packed-bed reactors with hydrocy-
clones after each reactor to separate glycerol. The final FAME yield under the
optimal condition was 92%, and the lipase operational stability was more than
20 days. This process was recommended for industrial biodiesel production by Nie
et al. [252]. The Candida sp. 99-125 lipase immobilized on the textile cloth was
used for WCO methanolysis in a three-step packed-bed reactor system. The process
was conducted for 100 h, with decreasing the FAME yield by 15.7%, which was
attributed to lipase inhibition by glycerol or methanol [37]. A packed-bed reactor
integrated with a glycerol-separating system was used for WCO methanolysis,
yielding a methyl ester content of 94.3% [259]. This reactor system operated for 22
batches achieving the FAME yield over 92%.

The most efficient process for biodiesel production from WCO in a packed-bed
reactor followed by downstream separation was developed by Rodrigues et al.
[253]. A mixture of two lipases, C. antarctica (Novozym 435) and T. lanuginosus
(Lipozyme TL-IM), in 2:1 mass ratio, was employed, and the reaction was per-
formed in supercritical CO,. The reaction products were separated into two high-
pressure separators. At steady-state and under the optimal reaction conditions, the
FAME yield was 99% with the 30 s residence time [253].

Nowadays, a static mixer reactor was employed in the enzyme-catalyzed bio-
diesel production from WCO catalyzed by Candida sp. 99-125 lipase [260]. The
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main advantages of this reactor are low energy consumption, high mixing efficiency,
and better mass transfer, as well as no moving parts. To achieve the highest FAME
yield, both the static mixer structure and the process parameters were optimized.
The number and length of mixing units, as well as the flow rate of WCO and metha-
nol, were selected based on the pressure drop and methanol volume fraction, which
indicated the energy consumption and mixing efficiency, respectively. The lowest
pressure drop and the highest methanol volume were observed when six mixing
units with a length-diameter ratio of 1.5 and the reactant flow rate of 0.28 m/s were
used. Under the optimal reaction conditions, the FAME yield was 82.8% within the
reaction time of 12 h, which is twice shorter compared to the reaction time in a
batch stirred reactor [260].

Tan et al. [261] have recently reported that a factory in China conducts enzymatic
catalysis using WCO as feedstock in a plant with a capacity of 10,000 tonnes.
Immobilized lipase Candida sp. is used as a catalyst in a stirred tank reactor. The
enzyme dosage is 0.4% (based on the oil mass). FAME yields of 90% are achieved
under the optimal conditions.

5.1.4 Non-catalyzed Processes

Non-catalyzed transesterification of WCOs is a potential alternative to the above-
mentioned catalyzed processes. Although high pressure and temperature are
required, this process is attractive due to nearly complete conversion in short reac-
tion time. Since the presence of FFAs and water has a positive effect on the reaction
rate due to the faster esterification rate and the water contribution to easier separa-
tion [108], non-catalyzed processes are suitable for biodiesel production from
WCOs. Because of high capital costs and great energy consumption, the non-cata-
lyzed process is still not employed in industrial biodiesel production. Recently,
West et al. [262] have reported that the economics of the non-catalyzed transesteri-
fication of WCO was superior to those of chemically catalyzed processes.

Non-catalyzed WCO methanolysis was investigated in wide ranges of reaction
conditions (methanol-to-oil molar ratio: 6:1-60:1; temperature: 250-450 °C and
pressure: 10—43 MPa). The authors agree that optimal methanol-to-oil molar ratio is
from 40:1 to 42:1 [108, 240, 242]. One of the most important variables affecting
FAME yield is reaction temperature. Due to the thermal degradation of methyl
esters at higher reaction temperatures which lowering the FAME yield [263], recent
investigations of non-catalyzed WCO methanolysis are performed at lower tem-
peratures ranging from 240 to 287 °C [240, 241]. The optimal temperature provid-
ing FAME yield of almost 100% was reported to be 270 °C [241] and 287 °C [240],
despite the longer reaction time (45 min and 30 min, respectively). Contrary, Tan
et al. [242] suggested the reaction temperature of 360 °C, but the obtained FAME
yield was much lower (80%). The data about the influence of the reaction pressure
on the non-catalyzed WCO methanolysis are not available, but it can be expected
(as in the case of refined oils) that pressure above 10 MPa does not have a significant
influence on the FAME yield [13].
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Campanelli et al. [239] used methyl acetate instead of methanol for the non-cat-
alyzed synthesis of FAMEs from WCOs, edible oils, and nonedible oils. Although
the reactivity of supercritical methyl acetate was lower than that of methanol, the
proposed process produces triacetin, a valuable, active biodiesel component, instead
of glycerol. Furthermore, counting the triacetin content, this process led to higher
overall biodiesel productivity.

5.2 Two-Step Processes

Two-step processes have been studied during the last years because of their effi-
ciency for achieving higher ester yields from WCOs in shorter reaction times, com-
pared to one-step processes. The most commonly used two-step processes are
performed as the acid-catalyzed esterification of FFAs in WCOs (step 1) and the
base-catalyzed transesterification of treated oil from the first step (step 2). The use
of acid catalysts allows FFA conversion to alkyl esters, thus reducing the FFA con-
tent, and the transesterification of the treated oil can then be performed by using a
base catalyst. The most commonly used acid catalyst is sulfuric acid, while the
KOH is usually used base catalyst, followed by NaOH and CH;0Na. A review of
two-step processes for FAAE synthesis from WCOs is given in Table 5.7.

The homogeneous two-step processes for WCO transesterification were investi-
gated in the presence of different catalysts and methanol amounts as well as reaction
temperatures. The optimal acid catalyst amount for the first step depends on the FFA
content in the WCO. For the WCO with lower acid value (1.45 mg KOH/g), the
optimal H,SO, amount is lower (0.68% based on the oil weight) [264], while in the
case of WCO with an acid value of 65 mg KOH/g, optimal H,SO, amount is 15%
[264]. Since the first step of the process provides necessary requirements for caring
out the second step of the process, the optimal amount of base catalyst is usually
around 1%, a typical value for base-catalyzed transesterification.

The most used alcohol in two-step processes is methanol. Excess of methanol is
required to drive the reaction toward the formation of products, but the higher meth-
anol amount in the first step can dilute the system results in a reduction of the H,SO,
efficiency in the first step [264] and makes the recovery of the glycerol difficult
[243]. Therefore, the optimal methanol-to-oil molar ratio should be established
experimentally. The base-catalyzed step has been investigated in the range of meth-
anol-to-oil molar ratios from 4.5:1 to 35:1, and different optimal values were
reported (Table 5.7). For instance, Charoenchaitrakool et al. [264] and
Tanawannapong et al. [269] reported the optimal methanol-to-oil molar ratio of 9:1
at the KOH amount of 1%, while Li et al. [267] observed a higher optimal molar
ratio (25:1) and a lower KOH amount (0.15%).

Achieving higher ester yield from WCOs with low acid value and meeting the
biodiesel quality standard, two-step base-catalyzed processes were developed with
an improved ester yield by 20%, compared to the one-step base transesterification
[204]. To reduce the reaction time, Hancsok et al. [265] recommended the addition
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of cosolvent (tetrahydrofuran or dioxane) to the reaction mixture. The main disad-
vantage of acid/base two-step processes for synthesis is the necessity to remove
catalysts in both steps. The removal of acid catalyst from the first step could be done
by adding excess base catalyst in the second step [172]. Considering the negative
effect of extra-base catalyst (formation of gel, difficulties in product separation), the
amount of base catalyst should be carefully chosen. To overcome this problem,
Guzatto et al. [271, 272] have recently proposed a base/acid two-step transesterifi-
cation process (denominated Transesterification Double Step Process—TDSP) for
biodiesel production from vegetable oils. The process involves consecutive homo-
geneous base- and acid-catalyzed reactions without cooling the reaction mixture
and the catalyst removal between steps, which significantly reduces the total pro-
cess time. The proposed TDSP process is characterized by mild reaction conditions,
easy separation of phases, high reaction rate, and conversion efficiency [271, 272].
The TDSP process was used for WCO methanolysis [271] and ethanolysis [272],
and the achieved oil conversion was 97% and 98%, respectively.

Another, more widely used method for avoiding catalyst removal in the first
stage is the use of heterogeneous catalysts. The researchers have suggested the use
of ferric sulfate [183, 243, 276], SiO, pretreated with HF [273] or 25 wt% 12-tung-
stophosphoric acid (TPA) supported on Nb,Os [274] as catalysts for the first step.
Compared with sulfuric acid, these catalysts are environmentally friendly, high effi-
ciently, reusable, and easily separable from the reaction mixture. For example, the
activity of SiO,(HF) [273] and 25 wt% TPA/Nb,Os [274] remained rather unaf-
fected after 10 runs and 6 runs, respectively.

Nowadays, researches are directed toward the development of two-step hetero-
geneous catalyzed processes. The FAME yield of 8§1.3% was achieved in a two-step
process involving ferric sulfate in FFA esterification and CaO in methanolysis reac-
tion [275]. The highest FAME yield (95%) was obtained by using 25 wt% TPA/
Nb,Os in the first step and 20 wt% ZnO/Na-Y in the second one at almost the same
reaction temperatures but at the higher methanol-to-oil molar ratio, higher catalyst
loading and longer total reaction time [274].

To reduce the biodiesel production cost, the nonconventional, highly active base
catalysts obtained from natural and waste materials were used in the two-step bio-
diesel production processes. The base-catalyzed transesterification of the pre-ester-
ified WCOs was performed in the presence of calcined sea sand, consisting mainly
of CaO [277], and calcined waste chicken and fish bones, a combination of CaO,
hydroxyapatite, and Ca(OH), [278]. Both catalysts were very active in the methano-
lysis reaction, providing a high FAME yield under mild reaction conditions.

The improvement of two-step processes includes the novel technologies, such as
radio-frequency heating [268], ultrasound [270], and use of microtube reactor [269]
which are, up to date, applied in the homogeneous processes. The two-step process
of WCO methanolysis with radio-frequency heating was completed (FAME yield of
98.8%) in a reaction time of 13 min [268]. Thanh et al. [270] reported that a continu-
ous ultrasonic reactor with a two-step process was an effective method for the bio-
diesel production from WCO, ensuring an almost total conversion at the residence
time of 0.93 min for the entire process. A continuous microtube reactor exhibits
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evaporator

MNeutralization|
tank

|
i

Biodiesel

Fig. 5.9 Flow sheet of biodiesel production via two-step process. (Adapted from [241])

excellent performance because of its extremely high mass and heat transfer rates
and short molecular diffusion distance [269]. The FAME yield of 91.8% was
obtained in this type of reactor for an overall process time of 10 s.

A biodiesel pilot plant production from WCO (acid value from 80 to
120 mg KOH/g) in a two-step process is located in Tianjin, China [279]. A scheme
of the process is shown in Fig. 5.9. The capacity of the plant is approximately
3000 kg/day. FFA esterification is performed with methanol (weight ratio to the oil
60%) in the presence of H,SO, (2%, based on the oil weight) and at 70 °C. The
methanolysis reaction is catalyzed by KOH (0.8% based on the oil weight) at the
methanol weight ratio to the oil of 30% and the reaction temperature of 60 °C. The
biodiesel purification includes washing with acidified water, and heating by thin-
film evaporator at 120 °C to eliminate water and residual methanol. This project is
a first step for the construction of a big plant for biodiesel production with a capacity
of 10,000 tonnes/year [279].

6 Fuel Properties of Biodiesel Produced from Waste Oily
Feedstocks

Compositional and physical properties of biodiesels produced from conventional
vegetable oils, sidestream products of edible oil refining processes, WAFs, and
WCOs are presented in Tables 5.8, 5.9, 5.10, and 5.11, respectively. For compari-
son, the provisional standards for biodiesel according to EN14214 are added. Most
of the presented studies were not considered upgrading of crude biodiesel produced
from waste oils, WAFs, and WCOs.

Edible-grade vegetable oils are currently the predominant feedstocks for bio-
diesel production. Based on the predominant oilseeds grown, these are soybean oil
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Table 5.8 Properties of biodiesel produced from refined vegetable oils

V. B. Veljkovi¢ et al.

Soybean | Sunflower |Rapeseed |Palm
Feedstock oil oil oil oil Corn oil
B, BC, B, BC, HC, | B, BC, B,BC, |EN14214

Technology® HC, Me Me HC, Me - HC, Me | limits

Property, unit min/max

FAME content, % 97.9 98.7 96 98.5 |98.4 96.5 min

Density at 15 °C, kg/m? 878.9 880° 878.3 1 878.0 860/900

Viscosity at 40 °C, mm?*/s |4.12 4.81 4.15 4415 |4.42 3.50/5.00

Flash point, °C 165 165 182 172 101 min

Sulfur content, mg/kg 0.2 9.5 <10 542 10 max

Carbon residue (on 10% <0.001 0.02 0.040 0.3 max

distillation residue), %

Cetane number 67.6 583 |56 51 min

Sulfated ash content, % <0.01 0.022 <0.01 0.02 max

Water content, mg/kg 140 100 <500 |197 500 max

Total contamination, mg/ 24 max

kg

Copper strip corrosion la la 2.1 Class

(3 h at 50 °C), rating 1 min

Oxidation stability at 5 6.4 1.3 6.0 min

110 °C (h)

Acid value, mg KOH/g 0.01 0.07 0.37 0.08 |0.15 0.50 max

Iodine value, g 1,/100 g 136 72.8 52 120 max

Linolenic acid methyl <0.5 12 max

ester content, %

Polyunsaturated (>4 <0.2 1 max

double bonds) methyl

esters, %

Methanol content, % <0.01 <0.4 0.20 max

Monoglyceride content, | 0.035 0.08 <0.2 0.80 max

%

Diglyceride content, % 0.01 <0.01 <0.1 0.20 max

Triglyceride content, % 0.009 <0.01 0.20 max

Free glycerol, % 0.001 0.01 <0.01 |0.00 0.02 max

Total glycerol, % 0.055 <0.04 <0.01 |0.09 0.25 max

Group I metals (Na + K), 0.07 2.2 5.0 max

mg/kg

Group II metals 5.0 max

(Ca + Mg), mg/kg

Phosphorus content, mg/ <0.1 2 4.0 max

kg

Cloud point, °C 2 -3 15.2 Not
specified

Pour point, °C 0 -9 15 -13 Not
specified

(continued)
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Table 5.8 (continued)

Soybean | Sunflower |Rapeseed |Palm
Feedstock oil oil oil oil Corn oil
B, BC, B, BC, HC, | B, BC, B,BC, |EN14214
Technology® HC, Me Me HC, Me - HC, Me | limits
Property, unit min/max
Higher heating value, MJ/ 44.9 Not
kg specified
Distillation range 338 Not
temperatures, °C specified
Reference [280] [281] [282] [283] | [284]
B batch, BC base catalyst, HC homogeneous catalysis, Me methanol
PAt 25 °C

in the USA, rapeseed and sunflower oil in Europe, and palm oil in Asia. The oil
quality and its fatty acid composition have the most significant influence on the fuel
properties of biodiesel. The properties of biodiesel produced from edible oils along
with the biodiesel quality standard EN14214 are compared in Table 5.8. Generally,
edible oils biodiesel satisfies all standard limits. The exception is iodine value,
which is in the case of soybean biodiesel higher than standard limits [280] because
of the presence of a large amount of unsaturated fatty acids. lodine value is depen-
dent on the origin of the vegetable oil, and until recently, it has been believed that it
influences the oxidation stability. However, the stability of biodiesel is shown to
depend not on content but rather on the position of double bonds in the FAMEs
[290]. On the other hand, biodiesel obtained from oils with a high amount of SFAs
has a low iodine number, but higher pour and cloud point, as in the case of palm oil
biodiesel [283]. This poor cold flow property is one of the most critical obstacles
against biodiesel usage in cold climate conditions.

The chemical composition of biodiesel produced from waste vegetable oils can
be expected to be essentially identical to that produced from origin vegetable oils as
shown for biodiesels from soybean oil and its soapstock [285] and palm oil and SBE
from palm oil refining process [61]. The properties of biodiesel produced from
waste oily feedstocks are similar to those of biodiesel produced from refined vege-
table oils and meet the biodiesel standard quality for all assayed parameters with
some exceptions. The density of all biodiesels is within the specified limits, while
kinematic viscosity, which is important for the biodiesel quality during the storage,
is rarely outside the range specified by the standard. Flash point, carbon residue,
cetane number, water content, and acid value are in accordance with the biodiesel
standard. However, sulfur and phosphorus contents are not in agreement with the
prescribed limits. High sulfur content is undesirable due to the increased emission
of sulfur oxides. Most of the biodiesels does not meet the standard value for oxida-
tion stability, which affects the storage of biodiesel. A low iodine value and a high
cetane number of the biodiesel produced from an SBE residual oil were explained
by a high content of SFAs [51].
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When compared to biodiesel from refined vegetable origin, biodiesel from WAFs
has the advantage of the higher heating value and higher cetane number and the
disadvantage of lower stability to oxidation, because of the absence of natural anti-
oxidants, and higher cold filter plugging point, because of greater content of SFAs
[137]. The flash point of WAF biodiesel was significantly higher than that of the
standard limit [122, 123, 128, 129, 144, 158, 159]. With a high flash point, biodiesel
is safer to handle, transport, and store. However, too high a flash point, as in the case
of chicken fat and tallow biodiesel [128, 129, 158, 159], may cause ignition prob-
lems in the engine. Pour point (or cold filter plugging point, CFPP) is indicative of
a high concentration of saturated fatty esters in the product and important for their
use in low temperatures. Biodiesel obtained from beef tallow has a higher CFPP
than the limit [122, 123, 128, 129]. The higher cetane number of WAF biodiesel
than the specified minimum limit makes them attractive as an alternative fuel [122,
156, 291]. Teixeira et al. [123] observed the higher viscosity of WAF biodiesel than
conventional diesel, which causes poor fuel amortization, incomplete combustion,
and carbon deposition on the injector. Also, the higher viscosity of beef tallow bio-
diesel than the established limit is due to the high content of high molecular weight
SFAs [122]. Compared to biodiesel obtained from different feedstocks, Mata et al.
[128, 129] observed that the kinematic viscosities for lard and chicken fat biodiesel
were higher than the standard limit. The same authors also observed that the water
content of chicken fat biodiesel was very high, but lard biodiesel presented a low
value. However, tallow biodiesel purified with water satisfied the standard maxi-
mum limit. Also, only for the purified tallow biodiesel, the amount of Na + K is
within the standard limit. This parameter suggests that purification methods were
not effective, leaving catalyst residues dissolved in the biodiesel. Comparing homo-
and heterogeneously catalyzed processes of lard, Dias et al. [292] concluded that
the acid value of the product was significantly lower when the homogeneous cata-
lyst was used, and also, it was smaller than the maximum standard limit. Such dif-
ferences were due to the fact that the homogeneous catalyst tends to react with FFAs
to generated soaps, which reduced the acid value. It was noted that the viscosities of
the products were similar independently of the type of process.

The properties of biodiesel produced from WCOs generally meet the biodiesel
standard quality with some exception. A somewhat higher value of kinematic vis-
cosity of WCO biodiesel than the standard limit is the result of the presence of
dimeric FAMEs, which are formed from polymers incurred during the heating of oil
[172] and higher content of unreacted AGs [293]. Phan and Phan [210] reported
high carbon residue, which corresponded to the amount of AGs as well as FFAs,
soaps, remaining catalyst, polymers (dimeric and polymeric methyl esters), and
other impurities [293]. The high total sulfur content of 180 ppm in a WCO biodiesel
[180] cannot be compared with standard limit since it includes sulfur and sulfate ash
content. The acid value generally meets the biodiesel standard, with the exception
of WCO ethyl esters, but its acid value is in the range of ASTM D-6751 biodiesel
standard [288]. Density, flash point, cetane number, water content, iodine value,
MAGs, DAGs, and TAGs content, as well as phosphorus and Ca + Mg content, are
within the biodiesel standard limits. Free and total glycerol amounts are significant
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for defining the quality of biodiesel. A higher free glycerol content may cause prob-
lems during storage because of its separation or can lead to injector fouling or the
higher aldehyde emissions [293]. Based on available data on WCO biodiesel char-
acteristics, free and total glycerol are in one case outside of standard ranges [209].
Free glycerol can easily be removed by washing step, while bonded glycerol
depends on AG content, and could be lowered by optimization of reaction condi-
tions in order to achieve higher AG conversion or by further distillation of the prod-
uct. The higher value of Na + K indicated the remaining of catalysts, which can be
removed by washing biodiesel [209].

Generally, no change in engine operation was observed during the test in the case
of biodiesels derived from soybean soapstock [285] and WCO [172]. Regarding the
exhaust emissions, only the NO, emission was increased [172, 285]. Particulate
matter emission was significantly higher, and hydrocarbon emission was signifi-
cantly lower for the soapstock biodiesel, compared to the biodiesel from soybean oil
[285]. WAF biodiesel often reduces bot NO, emission and particulate matter and
provides greater lubricity [105]. A slight fried food smell was observed, when WCO
biodiesel was used on a large scale with diesel fuel [172].

7 Economics of Biodiesel Production from Waste Oily
Feedstocks

Various factors affect biodiesel production costs including oily feedstock, other
reactants, conversion and purification processes, the scale of production, region, etc.
The major economic factor is oily feedstock, which is about 75-80% of the total
cost, followed by labor and chemicals (methanol and catalyst) [294]. Although eco-
nomic considerations are of great importance for employing a process at the indus-
trial scale, a few papers present cost analysis of biodiesel production from waste
vegetable oils [48, 51, 78] and WCOs [3, 14, 48, 262, 295]. Process simulation and
economic analysis were conducted using HYSYS [3, 262, 295] and Aspen Tech [14,
48, 295] software packages.

Haas [48] assessed the economic viability of biodiesel production from soap-
stock. An estimate of 0.41 US$/L was obtained from a model of an industrial plant
with a capacity of 20—40 million L of biodiesel per year, which was nearly 25% less
than the cost of biodiesel from refined soybean oil. Chongkhong et al. [78] esti-
mated the cost of biodiesel production from palm fatty acid distillate of 0.62 US$/
kg for the capacity of 72,000 kg/year. The main part (60%) of the overall production
cost was the cost of the input raw material. Huang and Chang [51] performed an
economic analysis for annual biodiesel production of 1000 tonnes from SBE resid-
ual oil and got the cost of 0.37 US$/L, which was lower than the estimated price of
biodiesel produced from refined vegetable oils or WCOs (0.8—1.5 US$/L). They
showed that the price of crude oil heavily affected the production cost and the
investment return period since the chemicals were the predominant cost constitu-
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ents. The production cost of biodiesel from animal fats is estimated to be 0.36 US$/L
and is lower than the price of biodiesel from rapeseed and sunflower oils (0.39 US$/L
and 0.62 US$/L, respectively) but higher than the price of soybean biodiesel
(0.33 US$/L) [296]. This cost can be decreased if none of the pretreatment capital
costs are allocated to the total production costs.

The estimated total production cost for the non-catalyzed process of WCO bio-
diesel production was 150 US$/tonne, 214 US$/tonne, and 442 US$/tonne (corre-
sponding to biodiesel required selling price of 0.17 US$/L, 0.24 US$/L, and
0.52 US$/L) for plant capacity of 125,000 tonnes/year, 80,000 tonnes/year, and
8000 tonnes/year, respectively [14]. The total production cost of 574 US$/tonne for
a plant capacity of 8000 tonnes/year was established by West et al. [262], while Lee
et al. [295] reported a somewhat higher value of 725 US$/tonne for plant capacity
40,000 tonnes/year. The manufacturing cost for homogeneous alkali-catalyzed
batch processes with a capacity of 7260 tonnes/year was estimated to be 598 US$/
tonne in the case of the hot water purification process and 641 US$/tonne for vac-
uum FAME distillation process [297]. Higher production cost (884 US$/tonne) was
established by Zhang et al. [3] for a plant with 8000 tonnes/year capacity. The cost
of WCO biodiesel production in a homogeneous pretreated alkali-catalyzed process
was reported to be 650 US$/tonne [262] and 875 US$/tonne [295]. The reported
values of biodiesel production cost in the homogeneous acid-catalyzed processes
are close: 595 US$/tonne [262] and 644 US$/tonne [3]. The biodiesel production
cost in the heterogeneous acid-catalyzed process was nearly 18% less than the cost
of biodiesel in the homogeneous one in the same plant capacity [262]. Sakai et al.
[297] estimated the production cost for batch CaO-catalyzed processes of 584 US$/
tonne and 622 US$/tonne for water washing and vacuum FAME distillation pro-
cesses, respectively, which is almost the same compared to batch homogeneous
(KOH) process with the same capacity [297].

8 Conclusion

At present, homogeneously catalyzed processes of edible oils are primarily used in
the commercial biodiesel production, although a heterogeneous process is also
applied. Due to the competition to the edible oil market, usage in the human diet and
food industry, and insufficient quantities of edible oils for biodiesel production, the
use of alternative oily feedstocks in biodiesel production has been focused.
Therefore, special attention has been paid to cheap, nonedible, and low-quality oily
feedstocks, such as waste oily by-products from an edible oil refinery, WAFs, and
WCOs. Instead of being disposed into landfills with potential environmental haz-
ards, these materials can be used for making biodiesel as an economically sustain-
able and ecologically acceptable product. The fuel properties of biodiesel derived
from these waste oily materials are similar to those of biodiesel produced from
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refined vegetable oils and meet the biodiesel standard quality for all assayed param-
eters with some exceptions. Also, no change in engine operation was observed with
biodiesel obtained from waste oily feedstocks. The price of this biodiesel depends
on the input waste oily feedstock, but it is generally smaller than the cost of bio-
diesel from refined vegetable oils.

Although the two-step (acid/base) homogeneously catalyzed process seems to be
useful for converting low-quality oily feedstocks having a high FFA content, present
investigations of biodiesel production from these feedstocks are focused on devel-
oping novel technologies based on the application of solid catalysts, enzymes, or
supercritical alcohol conditions. It might be expected that homogeneous catalysis
will be replaced by these novel technologies. Future processes will involve, beside
low-quality oily feedstocks: (a) cheap, active, stable, bifunctional, no leachable and
reusable catalysts, (b) continuous operation, (c) as low power input as possible
(lower pressure, temperature and alcohol-to-oil ratio), and (d) no environmental
problem. It is probable that the future commercial process of biodiesel production
will be a choice among solid catalysts, lipases, and non-catalytic processes.
Nowadays, it is claimed that a one-step enzymatically catalyzed process is operated
for biodiesel production from WCOs at the pilot scale.
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Glossary

Biodiesel Biodiesel is a form of diesel fuel derived from plants or animals and
consisting of long-chain fatty acid esters.

Catalysis Catalysis is the process of increasing the rate of a chemical reaction by
adding a substance known as a catalyst.

Cooking oils Cooking oil is plant, animal, or synthetic fat used in frying, baking,
and other types of cooking.

Enzyme catalysis Enzyme catalysis is the increase in the rate of a process by a
biological molecule, an “enzyme.”

Esterification Esterification is the general name for a chemical reaction in which
two reactants (typically an alcohol and an acid) form an ester as the reaction
product.

Fats Fat is a type of nutrient.

Transesterification Transesterification is the process of exchanging the organic
group R” of an ester with the organic group R’ of an alcohol.

Vegetable oils Vegetable oils, or vegetable fats, are oils extracted from seeds, or
less often, from other parts of fruits.
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