Chapter 28
Valorization of Waste Frying Oils and Animal
Fats for Biodiesel Production

Teresa M. Mata, Anténio A. Martins, and Nidia S. Caetano

Abstract The increased demand for biodiesel and the difficulties in obtaining
enough quantities of raw materials for its production are stimulating the search for
alternative feedstocks. Among the various possibilities, the utilization of residual
fatty materials, in particular waste frying oils and animal fat residues from the meat
and fish processing industries, are increasingly seen as viable options for biodiesel
production. This work reviews the state of the art regarding the utilization of waste
oils and animal fats as feedstocks for biodiesel production, which are characterized
by the presence of high levels of impurities such as high acidity and moisture con-
tent. The relative advantages and disadvantages of the different routes for biodiesel
production are presented and discussed in this chapter, focusing on their chemical
and technological aspects. Also discussed are the questions related to the viability
and potential economic advantages of using this type of feedstocks in biodiesel
production for road transportation.
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1 Introduction

As energy demands increase and the fossil fuel reserves are limited or are becoming
harder and harder to explore, research is being directed towards the development of
renewable fuels. This aspect is particularly relevant in the transportation sector,
where the dependence on fossil fuels is even more evident and any possible
alternative (e.g. fuel cells and hydrogen) is harder to develop and implement in
practice. In the short term, especially in Europe, biodiesel (mono-alkyl esters of
long-chain fatty acids) derived from renewable biological sources such as vegetable
oils or animal fats are attracting a lot of attention. Among its main key features one
can point out its renewability, biodegradability, improved viscosity, better quality of
exhaust gases, and also the possibility of being used, as a petroleum diesel substitute
or combined with diesel fuels, in conventional combustion ignition engines without
significant modifications.

Biodiesel promises to supplement and even replace at a local/regional level fossil
diesel while contributing to rural development and reducing the dependence on fos-
sil fuels. However, under current production technology, its use in transportation
even blended with diesel has some pros and cons. First, biodiesel production costs
are higher than those of petroleum diesel, mainly due to its production from expen-
sive edible vegetable oils that account for 88% of the total estimated cost for biod-
iesel production [90]. This is one of the major hurdles in biodiesel commercialization,
making it difficult to compete in price with fossil diesel and requiring in many cases
subsidies or fixed prices policies to be competitive with current fossil fuels or to
fulfil specific national or international targets for the incorporation of bio-based
fuels. Second, the continued development, market growth, and market share of
biodiesel, with the corresponding need of raw materials for its production, has risks
of their own and is causing more harm than good. For example, some of the most
relevant feedstocks, such as soybean oil and palm oil, are placing additional pres-
sure on food supplies during a period of great demand increase in developing coun-
tries and diverting valuable resources away from food production. Until new
technologies and/or feedstocks unconnected with the human food supply chain are
developed, the use of edible vegetable oils to produce biodiesel might further strain
the already tight supplies of arable land and water all over the world, potentially
pushing food prices up even further. Furthermore, biodiesel feedstocks are impacted
by previous and current land use practices, and cultures are adapted to specific cli-
mate and soil conditions available in restricted regions of the world. Thus, moving
a culture from one region of the world to another will surely influence the crop yield
potential. For example, requiring the utilization of more fertilizers, having an impact
on the local biodiversity as some of the species can be invasive and displace native
species, or bringing pests with them, with potential direct consequences to local
ecosystems. Also, a more intense agriculture normally increases the soil erosion due
to carbon loss and nitrate and phosphorous loss [82].

To circumvent the problems referred above, new feedstocks are needed what is
currently an extensive area of research. An example includes microalgae that have
the ability to grow under harsher conditions, in areas unsuitable for agricultural
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purposes, and with reduced needs for nutrients. This way, the competition with
other crops for arable soil, in particular for human consumption, is greatly reduced.
Also, microalgae are easy to cultivate and can grow at low cost with little attention,
using water unsuitable for human consumption. However, very high energy requirement
for drying the algal biomass is a barrier to its commercialization at present [66].
Another example is Jatropha curcas L., currently at a very early stage of development
for biodiesel production. Since the markets of the different products from this plant
have not yet been properly explored or quantified, the optimum economic benefit of
its production has not been achieved [57].

From the currently available alternative feedstocks for biodiesel production,
some attention is being given to residual oil and fat, such as waste frying oils from
restaurants or food industry, and animal fats resulting from the meat or fish process-
ing industries, which otherwise need to be disposed off with care and represents an
operational cost. Even though the residual oil or fat are of lesser quality than virgin
vegetable oils and more difficult to process due to the presence of impurities or to
their high acidity, they may be a good option for biodiesel production, allowing one
to use a waste and treating it appropriately in the production of a product (biodiesel)
with value that can be used internally by the company or sold out. Moreover, these
fatty materials are available at a lower cost (in many cases even for free) and can be
used as feedstock for biodiesel production. Araujo et al. [8] evaluated the biodiesel
production from waste frying oil concluding that it can be economically feasible
provided that logistics are well configured.

The most common animal fats that can be processed into biodiesel are beef tallow,
pork lard, and poultry fat. Fish oils are also possible to be converted into biodiesel,
although research in this area is not so advanced as for the animal fats. In most of these
cases, the oil or fat are not readily available for use in biodiesel production, but need to
be firstly extracted from the fatty residues. It is estimated that about 38% of the bovine,
20% of the pork, and 9% of the poultry are fatty material for rendering (e.g. bones, fat,
head, other non edible materials, etc.) from which can be obtained about 12-15% of
tallow, lard, or poultry fat that can be used for biodiesel production [25, 36].

The lipid content in fish varies a lot depending on the type of fish and by-product.
For example, Gunasekera et al. [45] reported the lipid content of 17% in carp offal,
13% in carp roe, 57% in trout offal, 31% in fish frames, and 13% in “surimi” pro-
cessing waste and fish meal. Oliveira and Bechtel [74] reported 11.5% of lipids in
pink salmon heads and 4% in salmon viscera. Kotzamanis et al. [55] reported 12%
of lipids in trout heads.

In the European Union, about one million tonnes of tallow is rendered each year
[69]. The United States generates in average about 4 kg/person of yellow grease per
year, and based on this statistic, Canada should produce about 120,000 tonne/year
of waste fats of various origins [100]. Brazil generates about 1,382,472 tonne/year
of beef tallow and 194,876 tonne/year of lard from slaughterhouses, which is nor-
mally used for producing meal and oil for animal feed [25]. The world fish capture
and aquaculture production was in 2004 about 140 million tonnes of fish, from
which about 25% was for non-food uses, in particular for the manufacture of fish oil
and animal meal [34]. The amount of waste frying oil generated annually in
several countries is also huge, accounting for more than 15 million tonnes, varying
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according to the amount of edible oil consumed. For example, the United States
generates around 10 million tonnes of waste frying oils, followed by China with 4.5
million tonnes and by the European Union with a potential amount ranging from
0.7 to 1.0 million tonnes [44]. However, the worldwide amount of waste oils generated
should be much larger than that and it is expected to increase in the near future.

Some studies available in the open literature show some potential for these feed-
stocks. For example, Chua et al. [30] performed a LCA to study the environmental
performance of biodiesel derived from waste frying oils in comparison with low sul-
phur diesel and concluded that biodiesel is superior in terms of global warming poten-
tial, life cycle energy efficiency, and fossil energy ratio. Godiganur et al. [41] tested
biodiesel from fish oil in compression ignition engines, showing overall good com-
bustion properties and environmental benefits. In particular, there are no major devia-
tions in diesel engine’s combustion and no significant changes in the engine
performance. Moreover, there is a reduction of the main noxious emissions in com-
parison with fossil diesel, with the exception on the nitrogen oxide (NOx) emissions.
Wyatt et al. [97] produced biodiesel from lard, beef tallow, and chicken fat by alkali-
catalyzed transesterification. The biofuel obtained from these animal fats were tested
and the NOx emissions determined and compared with soybean biodiesel as 20%
volume blends (B20) in petroleum diesel. Results show that the three animal fat-based
B20 fuels have lower NOx emission levels (3.2—-6.2%) than the soy-based B20 fuel.

Animal fats and vegetable oils differ on their physical and chemical properties.
While vegetable oils have a large amount of unsaturated fatty acids, animal fats have
in their composition a large amount of saturated fatty acids [20]. Animal fats such
as tallow or lard are solid at room temperature. An exception is the poultry fat which
is liquid at room temperature and has in its composition a low percentage of satu-
rated triglycerides, comparable to soybean oil. Fish oils contain a wide range of
fatty acids, some of them with more than 18 atoms in their carbon chain and even
some with an odd number of carbons [37]. Chiou et al. [28] analysed and compared
the methyl esters derived from salmon oil extracted from fish processing by-prod-
ucts with methyl esters derived from corn oil, concluding that, although there are
some differences in the fatty acid composition, salmon and corn oil methyl esters
have similar physical properties.

The physical and chemical properties of waste frying oil and the corresponding
fresh edible oil are almost identical, but differ from source to source depending on
the oil source. Waste oils have normally higher moisture and free fatty acids (FFA)
contents than fresh edible oil, particles of different composition, and also polymer-
ized triglycerides are formed during frying due to the thermolytic, oxidative, and
hydrolytic reactions that may occur [44]. Additionally, during frying, the oil is
heated at temperatures of 160-200°C in the presence of air and light for a relatively
long period of time, what contributes to increase its viscosity, specific heat, and
darkens its colour.

For processing these fatty waste materials and to improve the quality of biodiesel
produced, different solutions can be employed. For example, Guru et al. [46] stud-
ied biodiesel production from waste animal fats in a two-step catalytic process and
adding organic-based nickel and magnesium compounds as additives in order to
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achieve areduction in the biodiesel pour point. Canoira et al. [22] evaluated biodiesel
obtained from different mixtures of animal fat and soybean oil using a process simu-
lation software (Aspen Plus™), concluding that a mix of 50% (v/v) of both raw
materials is the most suitable to obtain a final product with a quality according to the
standards and with the minimum costs. This is relevant to optimize the production
processes and ensure that the costs of disposal should be higher than the costs of
making biodiesel corrected by the potential economical gains, for example reducing
the consumption of fossil fuels.

As most of the biodiesel feedstocks have similar characteristics, any improvement
in the way how the pre-processing, reaction, and final processing are done, in particu-
lar related to the reaction time and final product quality, will have a profound impact
in the production capacity and in the overall process. As two phases are formed and
the diverse reactants are presented in different phases, the effects of mixing are
significant to the process. The interfacial area between phases increases with high
mixing intensity, facilitating the mass transfer between phases and naturally increas-
ing the reaction rates [10]. Noureddini and Zhu [73] confirm these conclusions and
have shown that, depending on the reaction stage, both the mass transport and the
reaction kinetics are dominant aspects controlling the process performance.

In this work, the various steps for biodiesel production are described, depending
on the characteristics of the waste oil or animal fat, having in mind the process
improvement.

2 Biodiesel Production Processes

Processes for producing biodiesel from fatty waste materials should be similar to
those from vegetable oils, the dominant feedstock according to the European point of
view. Nevertheless, the special characteristics of these feedstocks, in particular their
high content in FFA, moisture, and other contaminants, such as dirt and other chemi-
cals that appear during processing and/or utilization of these fatty materials, requires
that additional processing steps are employed, such as pre-treatment operations.
Currently, the process most widely used industrially for biodiesel production is
the alkali-catalyzed transesterification of triglycerides, with low molecular weight
alcohols and operated in batch mode. This process is more efficient and less corro-
sive than the acid-catalyzed transesterification, the reaction is faster, and requires
lower amount of catalyst to carry out the reaction, presenting only problems in the
glycerol separation. Also, the alkaline catalysts (NaOH, KOH, NaOCH3, etc.) are
the most commonly preferred and are cheaper than the ones employed in the acid-
catalyzed process (H,SO,, HCI, etc.). However, the alkali-catalyzed process has
several drawbacks, in particular it is very sensitive to the lipidic feedstock purity,
mainly operating in batch mode and needing large reaction times to obtain a com-
plete conversion of oil, and has complex biodiesel purification steps after the reac-
tion. For waste fats, these factors have to be considered explicitly to ensure a proper
conversion of the fats to biodiesel, meaning that in most cases pre-treatment steps



676 T.M. Mata et al.

Metanol recycle
Methanol
Caustic Soda

. |T Glycerol
Wate: Oil separation
.

| . .
Waste oil or | | Transesterification [
animal fat —m]

Phosphoric acid
Water

Biodiesel
Methanol
distillation

Biodiesel
wash

Glycerol
Methanol —»|
Sulphuric acid =
LEsteriﬁcation

| Wastewater

Oil or fat pre-treatment
Wastewater

Fig. 1 Process flowsheet for biodiesel production from waste oil or animal fat with high acidity

are required. Figure 1 shows a simplified process flowsheet for biodiesel production
from waste oil or animal fat with high acidity by alkali-catalyzed transesterification
preceded by a pre-treatment by esterification.

2.1 Extraction of Oil or Fat from Fatty Waste Materials

Depending on the characteristics of the fatty waste materials, normally three main
steps are performed:

» Extraction of the oil or fat from the fatty feedstock.
¢ Filtration and removal of contaminants.
¢ Neutralization or esterification of the FFA.

The extraction process is relevant in the meat and fish processing industry, as
most types of fatty waste materials are normally associated with other materials, for
example meat residues and bones or fish’s heads and viscera. Thus, it is necessary to
separate the oil or fat from the remaining materials. Depending on the fatty residues
to separate, the process varies, involving for example heating or solvent extraction.

At the laboratory scale, the waste animal fats (e.g. tallow, lard, or poultry fat)
collected from slaughterhouses or food processing companies can be melted and
filtered in order to obtain the fat and remove gums, protein residues, and suspended
particles [67]. For extracting the fish oil from the fish’s residues, firstly fish’s viscera
and heads can be cooked thoroughly in boiling water. The supernatant oil is taken
from the top of the boiling vessel and placed in a separatory funnel, where the oil is
washed (with distilled water at about 60°C) and separated from the water and solid
residues. The fish soapstock is squeezed and as a result the crude fish oil containing
some solid impurities is separated from the cake of fish dregs. The resulting crude
oil is centrifuged and placed in a separatory funnel where it is washed. Finally, the
oil is vacuum-filtered to remove any remaining impurities.

Industrially, the bulk of the material to be rendered consists of the leftover parts
of a slaughtered animal (fats, bones, and other parts). The first step in the rendering
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process is the milling and grinding of a mixture of materials to generate a mass that
is screw-conveyed to a batch digester where it remains for 4-5 h to be cooked with
saturated vapour at about 110°C, until it loses about 70% of its moisture content.
Then the digester is opened and its contents are discharged into a percolator tank,
heated by steam, where the liquid fat separates from solids by percolation and siev-
ing. After percolation, the fat is centrifuged and/or filtered and sent to a decanter
tank for storage and eventual final separation from the aqueous phase present. The
solid material removed from the fat in this operation is added to the solid material
from percolation. The solid material is hot-pressed generating more fat that is added
to the one percolated for purification. The pressed material is milled in a hammer
mill, and then sent for screening to obtain the particle size of flour. The material
retained in screening returns to the mill. Passing through the screening the meat/
bone meal is bagged and stored for shipping and using in pet food [25].

The industrial process for extracting oil from fish by-products (e.g. heads, viscera,
fish bones, and skin) operates in a continuous mode. Thus, after milling and grinding
the fish, by-products are screw-conveyed to a continuous steam cooker with a resi-
dence time of about 15 min. After cooking, the coagulated mass is pre-strained in a
strainer conveyor before entering a screw press that separates the press cake from the
press liquor. The press cake is disintegrated in a tearing machine (a wet mill) and
dried in an indirect steam dryer with internal rotating blades. The meal passes through
a vibrating screen furnished with a magnet to remove extraneous matter-like pieces
of wood and metal (e.g. fish hooks) before entering the hammer mill. The ground
meal is automatically weighed out in bags that are closed and stored. The press liquor
then passes through a buffer tank before separation into oil, “stick” water, and fine
sludge in a centrifuge. The oil passes through a buffer tank before water and sludge
impurities are removed (polishing) in the oil separator. After polishing, the oil often
passes through an inspection tank before storage in the oil tank [35].

Another possibility for extracting lipids from fatty waste materials is by using an
organic solvent, such as n-hexane. For example, Nebel and Mittelbach [72] tested nine
solvents for extracting fat from meat and bone meal, obtaining about 15% fat with all
solvents, but n-hexane was found to be the most suitable solvent to perform the extrac-
tion, because it is relatively cheap and has a low boiling point. The fat was then con-
verted to methyl esters via a two-step process, whose quality was according to the
European specification for biodiesel (EN 14214) except the cold-temperature behav-
iour and the oxidation stability. Oliveira and Bechtel [74] described a solvent extraction
procedure using a 2:3 solution of isopropyl alcohol/hexane (99.9% purity) for extract-
ing lipids from salmon’s by-products including heads, viscera, frames, and skin.

2.2 Pre-treatment of Waste Oils and Fats

When dealing with high acidity feedstocks, in particular waste frying oils or animal
fats from the meat or fish processing industry, one needs to perform a pre-treatment
to guarantee that the transesterification reaction is performed in an efficient way and
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that the quality of the biodiesel obtained follows all the applicable norms such as the
EN 14214. Also, it is important to know their characteristics and the presence of
contaminants that reduce the efficiency and effectiveness of the alkali-catalyzed
transesterification.

For the removal of contaminants, of special concern is the presence of moisture
that has a strong negative influence in the transesterification reaction. Water content
of waste oils and animal fats may vary considerably depending on the origin. Rice
et al. [81] reported a range of 1-5% (w/w) of water contents in waste frying oils.
The presence of water inhibits the esterification and transesterification reactions,
favours the hydrolysis of triglycerides and FFA, lowers the esters yield, and renders
the ester and glycerol separation difficult [7, 18]. If the water concentration is greater
than 0.5%, the ester conversion rate may drop below 90% [19]. Water also promotes
soap formation in the presence of the alkali catalysts, increasing catalyst consump-
tion and diminishing its efficiency. The water content in the feedstock should be
lower than 0.06% (w/w) [64, 81]. Heating the waste frying oil or tallow over 100°C,
to about 120°C, can boil off any excess water present in the feedstock. For other
contaminants, other strategies should be employed in a case-by-case scenario.

The waste frying oils may have other impurities such as solid particles resulting
from the food frying and sodium chloride that is added to the fried food. Depending
on the feedstock characteristics, the separation of these solid particles may be
accomplished by filtration, pressing, or centrifugation. The presence of chlorides
may cause corrosion problems in the process equipment and piping system.

The acid value of oil is another important parameter to be determined, since it
allows one to evaluate which is the most adequate method to produce biodiesel. For
example, depending on the oil acidity, one- or two-step process can be used, where
in a first step, the level of FFA is reduced to below 3% by acid-catalyzed esterification
with methanol as reagent and sulphuric acid as catalyst and, in a second step, trig-
lycerides in product from the first step are transesterified with methanol by using an
alkaline catalyst to produce methyl esters and glycerol [94].

The FFA content of waste frying oil and animal fats vary widely. Waste oils typi-
cally contain 2-7% (w/w) of FFA [95], while animal fats may contain 15% FFA but
can be as high as 40% [18, 93, 94]. In order to maximize the methyl esters yield,
Freedman et al. [39] proposed to use vegetable oils with a FFA content lower than
0.5% (w/w) in order to not affect the yield of transesterification reaction. Rice et al.
[81] reported that a reduction of FFA from 3.6 to 0.5% increased yields from 73 to
87%. Canakci and Van Gerpen [19] referred that a FFA level above 5% can lower
the ester conversion rate below 90%. A study from the Sustainable Community
Enterprises [85] concluded that due to its high acidity, salmon oil requires an
esterification pre-treatment to be possible to perform the transesterification

In the presence of FFA and moisture, saponification reactions occur because the
fatty acids react with the catalyst to produce soaps, decreasing the methyl esters
yield, or even inhibiting the transesterification reaction. Even in small amounts,
these contaminants can reduce the reaction rate by orders of magnitude [18].
Moreover, the formation of soap consumes catalyst and causes emulsions to be
formed, which limits the mass transfer between phases, significantly reducing the
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chemical reaction rate and the selectivity to biodiesel. This further complicates the
separation of phases after the reaction completion and makes it difficult to recover
and purify biodiesel [7].

The equations (1) and (2) represent, respectively, the saponification of FFA and esters.

R-COOH + NaOH —P , R _COONa + H,O
FFA Metalic alkoxide Salt Water €))]

R-COOR’+ NaOH —¥&r s R _COONa + OH-R’
Ester Metalic alkoxide Salt Alcohol 2)

Aryee et al. [9] used FTIR and titrimetric analytical methods for FFA determina-
tion in fish oils extracted from salmon skin, concluding that the FFA content of
Atlantic salmon skin lipids increased linearly from 0.6 to 4.5% within the 120 days
it was stored at 20°C, as a result of auto-oxidation. Wu and Bechtel [96] also found
that the FFA level in salmon heads and viscera increases with the storage time and
temperature. From a practical point of view, this results show that at least the fish
oils should be used immediately after their extraction, limiting somehow the utiliza-
tion at a local scale or when the logistical networks are efficient.

Refined vegetable oils normally do not need a pre-treatment in order to produce
biodiesel. However, the waste frying oils and the animal fats with high acidity (more
than 2.5% w/w of FFA) need a pre-treatment to reduce their FFA content. This is nor-
mally done by acid-catalyzed esterification, using H SO, as catalyst and methanol as
reagent in the proportions of 2.25 g of methanol and 0.05 g of sulphuric acid per each
gram of FFA in oil. From the several approaches proposed in literature such as
esterification and distillation refining method [99], Bianchi et al. [14] concluded that
esterification is the most attractive to lower the FFA content of waste animal fat to 0.5%
(from a typical range of 10 to 25%) using a solid acid ion-exchange resin as catalyst.

During esterification, the FFA are converted to methyl esters, but the triglycer-
ides remain essentially unconverted to esters for low methanol to oil molar ratios
and short reactor residence times [7, 29, 51, 60]. The esterification reaction can be
represented as follows

R —COOH + CH,0H —2deaalyst ,p _ cO0OCH, +H,0
FFA methanol esters water 3)

Since water is formed as a by-product during esterification, it needs to be removed
or the reaction will be quenched prematurely. One possible approach is to remove
water while the reaction occurs, for example, using a membrane reactor. Another
approach is to perform the reaction in two rounds with the removal of methanol,
sulphuric acid, and water phase in between, followed by the addition of more fresh
reactant to perform a second-round reaction driving it closer to completion [19-21, 94].
Zhang et al. [100] suggested the addition of glycerine after the second-round reac-
tion to remove all the water from the oil stream, having the advantage of removing
the acid catalyst which may cause neutralization of the alkali-catalyst during the
transesterification reaction.
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2.3 Biodiesel Production Processes

2.3.1 Alkali-Catalyzed Process

The alkali-catalyzed transesterification of triglycerides (1) is the process normally
used for low amounts of FFA present in triglycerides (less than 2.5% w/w) since this
reaction is very sensitive to the oil or fat purity, requiring in many cases pre-treatment
steps. The pre-treated oil can then be transesterified with an alkali-catalyst to con-
vert triglycerides into methyl esters.

As shown in (4), transesterification is a multiple reaction including three revers-
ible steps in series, where triglycerides are converted to diglycerides, then diglycer-
ides are converted to monoglycerides, and monoglycerides are converted to fatty
acid alkyl monoester (biodiesel) and glycerol (by-product). Although several alco-
hols can be used in this reaction, such as ethanol, methanol, or butanol to obtain
respectively, methyl, ethyl, or butyl esters, it is methanol that is most commonly
used due to its low cost by comparison with the other alcohols. An excess of alcohol
needs to be used (normally an alcohol to oil molar ratio of 6:1) at a reaction tempera-
ture of about 60°C, if methanol is used, or 70°C for ethanol [39]. The amount of
catalyst used in the mixture is in the range of 0.5—1.0% (w/w), a higher amount may
have as consequences gel formation and difficulty in separating glycerol. Generally,
the transesterification reaction is affected by operating conditions such as alcohol/
oil molar ratio, kind of alcohol (e.g. methanol, ethanol, propanol, or butanol), type
and amount of catalysts, reaction time and temperature, and purity of reactants.

OCOR OH
! Alkali- R;O0COCH;
catalyst
OCOR, -+ 3 CH;0H &= OH + R,OCOCH;
R;0COCH;
OCOR; OH
Triglycerides Alcohol Glycerol Esters “4)

After the chemicals are mixed for the transesterification, two essentially immis-
cible phases are formed: one non-polar containing triglycerides and esters, and the
other polar containing glycerol and alcohol. As two immiscible phases are formed,
the reactor vessels are intensely stirred to promote mass transfer [10]. Some
emulsification also occurs due to saponification reaction since the alkalis catalyst is
used [11]. For temperatures of 60 or 70°C, the conversion of the oil is complete in
few hours [1].

Tashtoush et al. [91] performed experiments to determine the optimum condi-
tions for converting animal fats into ethyl and methyl esters, concluding that abso-
lute ethanol performs better than absolute methanol and that 50°C is the optimum
temperature to perform the transesterification reaction, during 2 h maximum. Other
authors have also devised different ways of using residual oils or fats with high FFA
and moisture contents, for biodiesel production. For example, Alcantara et al. [3]
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calculated the cetane index of waste frying oil and concluded that it is similar to that
of fossil diesel fuel. Ma et al. [64] studied the effect of catalyst, FFA, and water in
the transesterification of beef tallow, concluding that the presence of water has the
most negative effect on the reaction conversion and should be kept beyond 0.06%
(w/w), while FFA should be kept beyond 0.5% (w/w).

Piu [77] studied the production of biodiesel from waste animal fats, including the
oil pre-treatment, biodiesel production, purification, and its final combustion in a
diesel-powered generated for emissions determination, concluding that using 20/80
(v/v) of biodiesel/diesel blends has the better results in terms of NOx, CO, HC, and
smoke emissions.

Alptekin and Canakci [5] studied the production of biodiesel from chicken fat
extracted from chicken wastes (feathers, blood, offal, and trims) after the rendering
process. These authors investigated the variables affecting the FFA level of chicken
fats such as alcohol molar ratio, amount of acid catalyst, and reaction time by using
a chicken fat with 13.45% FFA. The optimum esterification condition was found to
be 20% (wt/wt) sulphuric acid and 40:1 of methanol:oil molar ratio, for a reaction
time of 80 min at 60°C of temperature. For these conditions, the methyl ester yield
was 87.4% after transesterification.

The alkali-catalyzed process suffers from some significant drawbacks, in par-
ticular the pronounced adverse effects of water, high acidity, and long reaction time
in batch mode. Many options are being suggested and some are under development
and even implementations to improve the process, in particular to be able to operate
in continuous mode with reduced reaction time, and trying to reduce the operating
costs, especially associated with the feedstocks consumption and with the biodiesel
purification steps [11]. Some examples are listed bellow and some applications to
waste fats are discussed in the next sub-sections

e Acid-catalyzed transesterification [56].

* Non-catalytic supercritical methanol or ethanol for the transesterification reac-
tion [26, 58, 59, 65].

* Heterogeneous or Biological catalyzed process (inorganic chemical, enzymes,
and living organisms) to avoid the need for the removal and recycling of the
catalyst [16, 31, 54, 79].

» Transesterification with co-solvents to enhance the solubility of reactants, by
diminishing the mixture polarity and increasing the reaction rate [15, 43].

¢ In situ transesterification [47].

e Microwave-assisted transesterification [61].

e Catalytic cracking [50].

e Ultrasonic reactors and cavitation reactors [32, 42].

2.3.2 Acid-Catalyzed Process

The usage of a strong acid instead of a strong base is better suited for high acidity
feedstocks, a situation normally found in waste oils and fats, making it possible to
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avoid the oil pre-treatment operation and providing high conversion rates with no
soap formation [19, 49]. Nevertheless, it is seldom used due to its longer reaction
times and higher temperatures required, when compared to the alkali-catalyzed pro-
cess, and it is more corrosive to the process equipment [1, 19]. For example, Kulkarni
and Dalai [56] report 88 and 95% conversion obtained, respectively, for 48 and 96 h
reaction time.

Also, a higher methanol to oil molar ratio is needed to promote high equilibrium
conversions of triglycerides to esters, which generally increases the production
costs, due to an increase in the volume needed for the reactor and the separation of
glycerol that becomes more difficult. Kulkarni and Dalai [56] report that 98% con-
version is obtained for a methanol:oil molar ratio of 30:1 by comparison with a 87%
conversion for a molar ratio of 6:1.

Among the several acid catalysts (e.g. sulphuric, sulfonic, phosphoric, or hydro-
chloric acid) that can be used, sulphuric acid is the most common. Zhang et al. [101]
evaluated economically both the alkali-catalyzed and the acid-catalyzed process, con-
cluding that though the first one, using virgin vegetable oil, has the lowest fixed capital
cost, the second one, using waste frying oil, is more economically feasible overall.

Kulkarni and Dalai [56] present the effect of various parameters on the acid-
catalyzed transesterification, showing that the FFA and moisture content of oils are
the parameters that most affect the reaction conversion. For instance, with less than
0.5% water the conversion is above 90%, and for 3 or 5% of moisture the conversion
is, respectively, 32 and 5%. The FFA effect is not so accentuated allowing one to
obtain 90, 80, and 60% conversion for 5, 15, and 33% of FFA content, respectively.

Bhatti et al. [13] studied the effect of various parameters in the production of
biodiesel from animal fats, concluding that the optimum conditions for 5 g of
chicken and mutton tallow are, respectively, a temperature of 50 and 60°C, 1.25 and
2.5 g of HSO,, and an oil:methanol molar ratio of 1:30 and 1:30, yielding
99.01+£0.71% and 93.21£5.07% of methyl esters, after 24 h, in the presence of
acid. Gas chromatographic analysis showed a total of 98.29 and 97.25% fatty acids
in chicken and mutton fats, respectively.

2.3.3 Non-catalytic Supercritical Processes

Other interesting option for producing biodiesel from feedstocks with high concen-
tration of impurities such as water and FFA is the transesterification of triglycerides
with supercritical methanol, which is receiving a lot of attention [17, 58, 59]. This
process is catalyst-free and it is able to obtain full conversion of the triglycerides in
a matter of minutes [58], with the possibility of continuous operation mode [26].

The operation is also simpler, as the transesterification of triglycerides and
methyl esterification of fatty acids occurs simultaneously without using any cata-
lyst. Because no catalyst is used and has to be recovered, the downstream process-
ing is much simpler, and soap-free glycerol can be obtained [89]. Other advantage
this process presents is the insensitivity to the presence of impurities in the vegeta-
ble oil, such as water and FFA [59]. The presence of moisture is not only negligible,
but it can also be advantageous in this process [6].
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The reaction is carried out in supercritical methanol (or ethanol), in which
feedstocks react with the alcohol under conditions of high pressure (above 100 atm)
and high temperature (more than 276°C). At these conditions, the alcohol is in a
supercritical gaseous state and the triglycerides are somewhat dissolved in a single
phase. The reasons for this behaviour are not yet fully understood, but are certainly
related to the high solubility of triglycerides in supercritical alcohol and solvent
effects [65]. Also, some authors have observed a dependence on the type of alcohol
and triglyceride used [4].

Notwithstanding its clear advantages over other processes, significant hurdles
remain for the full scale implementation of supercritical production units. First of all,
high temperatures and pressures are necessary to ensure that the alcohol is in super-
critical state, requiring the utilization of special equipment designed to support these
conditions. This will lead to high equipment and operational costs, making the pro-
cess economics not so attractive when compared to other options. Also, the excess of
methanol used in the reaction is much larger when compared to the conventional pro-
cess; normally an alcohol/oil molar ratio of 42:1 is used, which needs to be recovered
and recycled back to the reactor this way complicating the process design [58].

Alternatively, Cao et al. [23] proposed the supercritical methanol process, using
propane as co-solvent, which decreases the reaction temperature and pressure, as
well as the alcohol to oil molar ratio. This is because propane decreases the critical
point of methanol allowing the supercritical reaction to be carried out under milder
conditions than those of 424 atm and 350°C reported by Kusdiana and Saka [58]. In
this case, the optimal reaction conditions are a temperature of 280°C, a pressure of
126 atm, an alcohol to oil molar ratio of 24:1, and propane to oil molar ratio of
0.05:1. At these conditions, 98% of oils are converted to biodiesel for a reaction time
of 10 min. Kasteren and Nisworo [53] performed an economic analysis of this pro-
cess, considering the industrial production of biodiesel from waste frying oil and
concluded that it can compete with the existing alkali and acid-catalyzed processes.

2.3.4 Heterogeneous Catalyzed Process

A natural evolution in process development is the replacement of the homogeneous
catalysis with a solid base catalyst, change that simplifies extensively the post-
processing process. In particular, it makes it easier to operate in continuous mode,
eases the catalyst separation and recycling after reaction, avoids the saponification
problem, and yields a cleaner biodiesel product, a purer glycerol that can be more
easily marketed.

Various types of heterogeneous catalysts are being considered and studied for
biodiesel production, including titanium silicates, ion-exchange resins, and zeolite
metal-supported catalysts, among others. Extensive reviews of the current status on
the use of solid base catalysts can be found in Liu et al. [63] and Di Serio et al. [33].
Peng et al. [75] prepared, characterized, and studied a solid acid catalyst for its
activity in the production of biodiesel from several feedstocks with a high FFA
content, showing that heterogeneous catalysis is a worthy option to process those
types of raw materials.
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Heterogeneous catalysts such as zeolites and metals may also allow for the use
of feedstocks with a high FFA content [16, 31, 54]. However, some scientific and
technical barriers persist relatively to their application at industrial-scale. For
instance, Albuquerque et al. [2] concluded that the catalyst activity strongly depends
on the metal composition of the oxides used, and new materials with well-defined
structures, high surface area, and adequate basic or acid properties have yet to be
developed. Although many of the solid catalysts proposed in literature for biodiesel
production have good catalytic performances, they require high temperatures and
pressure to work properly. Also, it is necessary to address the questions of deactiva-
tion, reusability, and regeneration of the catalysts in practical conditions to assess
their real potential for using in commercial applications. As heterogeneous cata-
lyzed processes have advantages over homogeneous catalyzed and are easier to
operate, more commercial applications will certainly be introduced in the near
future with important impact on the biodiesel production.

2.3.5 Biological Catalyzed Process

Biological catalysts for biodiesel production, including both enzymes and living
organisms, are considered to be one of the most promising alternatives for future
use in biodiesel production [38, 79]. They can be implemented either in solution or
supported (e.g. in biological films or in packed beds). An advantage of enzymes is
that they do not require the utilization of nutrients. An advantage of living organisms
is that they can be genetically engineered to improve their performance, resilience,
and capacity to operate in harsher conditions.

Lipases obtained from different biological sources are examples of enzymes that
can be used to perform the transesterification reaction and that have shown a good
tolerance to the oil FFA content [95]. Kaieda et al. [52] show that different enzymes
have different capacities and report that certain lipases can be used for biodiesel
production even if the oil has high water and methanol contents.

Although extensive research has been devoted to this area, the use of bio-catalysts
for biodiesel production is still at the laboratory stage [1, 79, 86, 87]. They can be
more efficient, selective, require a lower reaction temperature, and produce less
side products or wastes, when compared with other types of catalyzed processes,
but the reaction rates are much lower than for the conventional process, normally
taking several hours (8—12 h) for similar conversions.

Some of the main problems include the difficulty in determining:

*  What are the best enzymes or microorganisms to perform the reaction, depend-
ing on the feedstocks characteristics and on the impurities that may exist?

* What are the optimum reaction conditions, in particular what are the optimal
molar ratio of reactants, solvents to be used, temperature, and water content?

* How the enzymes will be used, if supported or in solution?

e How to recover and reuse the enzymes?

e How to avoid the enzymes’ deactivation, or the living organisms’ death?
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Some studies can be found in literature addressing some of the problems listed
above. For example, Shimada et al. [87] concluded that the best way to avoid the
inhibition or deactivation of enzymes and maintain the enzyme activity for longer
periods of time is their stepwise addition to the reaction mixture, in order to main-
tain the oil/methanol ratio at certain optimal levels. Although the addition of
co-solvents appears in some cases to have a positive effect on the enzyme stability
[1], there is still some work to be done in order to identify the most adequate solvents
and how they influence the ongoing reaction.

2.3.6 Transesterification Reaction Using Co-solvents

The use of co-solvents such as dimethyl ether (DME), diethyl ether (DEE), methyl
tert-butyl ether (MTBE) and tetra-hydro-furan (THF) has attracted much attention
since they allow one to increase the reaction rate, under milder conditions, by dimin-
ishing the mixture polarity [15, 43].

For example, the use of co-solvents and high mixing intensity for the reaction
reduces the need to use higher temperatures to enhance the solubility among reac-
tants and the mass transfer between both phases [11]. Moreover, transesterification
in supercritical methanol, employing propane and CO, as co-solvents, was also
developed [23, 48, 84, 98]. Nevertheless, the selection of the appropriate co-solvent
and the mixing intensity are critical factors contributing to the correct operation and
performance of the reaction system.

Sabudak and Yildiz [83] studied biodiesel production from waste frying oils by
applying three different processes: a one-step alkali-catalyzed transesterification, a
two-step alkali-catalyzed transesterification, and a two-step acid-catalyzed
transesterification followed by alkali-catalyzed transesterification. For each reac-
tion, these authors added THF as a co-solvent concluding that the effect of THF on
reaction yield is not significant, and instead of using the co-solvent, it is more eco-
nomical to improve the mixing ability of the reactor.

2.3.7 In Situ Transesterification

In situ transesterification is another possibility that simplifies or even eliminates the
need to perform the pre-processing of feedstocks, in particular the oil extraction and
refining steps. The transesterification reaction is directly performed in the macer-
ated oil seeds, such as soybeans flakes or animal fats containing the lipidic material
[24, 40, 70, 88, 102].

Although the in situ transesterification was proposed some years ago, it has not
yet been used extensively. Reasons for this may be the large molar ratios between
oil and alcohol that are necessary to obtain full oil conversion and the dependence
on the seeds characteristics and on its oil content [88]. This process may seem
simple, but it is still not fully worked out for practical applications and it is not
economically efficient.
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Haas et al. [47] investigated biodiesel production by in situ transesterification
using as feedstocks corn dried grains (a by-product of ethanol production) and meat
and bone meal (a by-product of animal rendering). As a result, these authors achieved
almost the maximum theoretical transesterification conversion (91.1%) at ambient
pressure and 35°C of temperature. For a higher temperature of 55°C, no significant
increase in the conversion was achieved. Partial drying of the corn grains contrib-
uted to reduce the methanol requirements to achieve a high degree of
transesterification. For meat and bone meal, drying was not required to achieve a
high degree (93.3%) of transesterification.

2.3.8 Microwave-Assisted Transesterification

Microwave-assisted transesterification is another possibility for biodiesel produc-
tion from lipidic feedstocks with high acidity [61]. Refaat et al. [80] compared both
microwave-assisted and the conventional process for producing biodiesel from high
acidity feedstocks, concluding that reaction time is reduced by about 97% and sepa-
ration time by about 94% using microwave irradiation.

Perin et al. [76] compared the acid-catalyzed and alkali-catalyzed trans-
esterification assisted by microwave irradiation concluding that the best results are
obtained under basic conditions, i.e. the reaction takes place in 5 min, and 95%
conversion is obtained. Azcan and Danisman [12] have considered microwave heat-
ing to perform the transesterification of rapeseed oil, showing that increased yields
and reduced reaction times are possible.

2.3.9 Catalytic Cracking

A variant of thermal cracking is the catalytic cracking, extensively used in the
petrochemical industry to produce a significant percentage of the fossil-derived fuel
currently used. This possibility has also been pursued for the production of biofuels from
a wide variety of feedstocks, especially from low-value triglyceride-based biomass.
The reaction takes place in fluid catalytic cracking (FCC) units where triglyceride mol-
ecules are transformed into water, CO,, CO, and a mixture of hydrocarbons, some of the
aromatic type [68]. The employment of a catalyst permits the utilization of milder con-
ditions of temperature and pressure, with a better control of the final products [27, 92].
Hua et al. [50] studied the catalytic cracking transformation of vegetable oils and
animal fats in the laboratory. The results show that they can be used as FCC feed
singly or co-feeding with vacuum gas oil, which can give high yield (by mass) of
liquefied petroleum gas (LPG), C2—C4 olefins, for example, 45% LPG, 47% C2-C4
olefins, and 77.6% total liquid yield produced with palm oil cracking. Co-feeding
with vacuum gas oil gives a high yield of LPG (39.1%) and propylene (18.1%).
Different combinations of reactors and catalysts can be used, as for example pil-
lared clays, alumina metal-supported catalysts, zeolites, among others. Also, the
huge experience gathered in the petrochemical industry can be relevant in the devel-
opment and implementation of cracking processes for biodiesel production.
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2.4 Post-processing

After the transesterification reaction, the post-processing steps needed to purify
biodiesel according to the existing regulations and norms are the same as those
involved in the biodiesel production from currently edible vegetable oils. Although
the final product composition in terms of esters may be different depending on the
feedstocks used, their physical properties are similar and no significant differences
are expected between the two variants.

After the reaction is finished, the mixture is allowed to separate into an upper
layer of methyl esters and a lower layer of glycerol diluted with methanol. Glycerol
is removed by allowing the two phases to form and settle. Then, any unreacted alco-
hol is air-stripped or vacuum-distilled away from the esters phase and recycled back
to the reactor.

Depending on the process, water can be used to wash catalyst residues and
sodium soaps from the methyl esters. Moreover, small amounts of concentrated
phosphoric acid (H,PO,) can be added to the raw methyl esters to break down cata-
lyst residues and sodium soaps. Predojevic [78] studied different purification steps
of biodiesel obtained from waste frying oils, by a two-step alkali-catalyzed
transesterification reaction, concluding that the best results are obtained when using
silica gel and phosphoric acid treatments (with a yield of 92%) and the lowest yields
(89%) are obtained using hot water. Also, Sabudak and Yildiz [83] applied three
different purification methods to biodiesel produced from waste frying oils (water
washing with distilled water, dry wash with addition of magnesol, and an ion-
exchange resin) concluding that the most effective one is the ion-exchange resin.

The same situation occurs for the storage of biodiesel, where potential problems
of decomposition may occur. For example, Lin and Lee [62] studied the oxidative
stability of marine fish-oil biodiesel showing that the addition of antioxidant
significantly retards the fuel deterioration over time, although it increases the kine-
matic viscosity and carbon residue at the beginning of the storage period. These
authors also concluded that the operating temperature is a dominant factor in the
deterioration of the fuel characteristics.

3 Economic and Environmental Considerations

As stated above, the conversion to biodiesel of waste oils and fats from the meat and
fish processing industries represents an opportunity to valorize a residue and obtain
a higher value product (biodiesel). In many situations, the adequate disposal of
residual oils and fats represents an operational cost, as they cannot be burnt directly
in a boiler without special equipment. Thus, from this point of view, there is an
economic incentive to valorize those residues.

However, depending on the total quantity of residual oils and fats generated, dif-
ferent approaches have to be considered. If the total amount is small, as it is the case
of the waste frying oils generated in restaurants, it will be easier to make the selective
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collection of those materials to be processed in a centralized production facility. If a
good logistic system is developed and properly implemented, and incentives are
available for the residue producers, this is proved to be a good option [8], applicable
even for the small- and medium-sized companies of the meat and fish processing
industries. This situation may change if small and compact units for the production
of small quantities of biodiesel from a wide variety of feedstocks become available,
although the costs of energy and raw materials, and the hazards involved in the
manipulation of dangerous chemicals may render this possibility impracticable.

However, if the quantity of residues generated is large, the option of having an
in-house facility for the production of biodiesel may be viable from an economic
point of view. In any case, the reduction in the consumption of fuel by the company,
either by the utilization of biodiesel or by burning of the glycerol produced in the
process, must be compared with the investment in equipment and operational costs
due to the consumption of materials and energy necessary to produce biodiesel. With
the increase in price of fossil fuels, this option is expected to become more and more
attractive. It is also relevant for companies operating close by or even interconnected,
that generate large quantities of residual fats, and that may be interested on a com-
mon processing plant to take care of all the fat residues generated in their activities.

From an environmental point of view, the valorization of residual oils and fats to
biodiesel production makes sense. This corresponds to the reutilization of a waste
material originated from a renewable source, thus reducing the consumption of non-
renewable fossil fuels. Although at a first glance there is a reduction in greenhouse
gas emissions, in particular of carbon dioxide [71], the actual reduction depends on
how the residues are collected and transported to the production site. To minimize
those emissions, the logistical network should be properly optimized, for example,
by giving the residue generators special containers for storing the waste fats and
defining the more adequate collection routes. Although for in-house biodiesel pro-
duction facilities this problem does not occur, additional savings may be accom-
plished through an adequate process optimization and integration.

Moreover, with the advent of more stringent limits for greenhouse gas emissions
and the development of trading schemes for carbon emissions, the production of
biodiesel from residual oils and fats can be a good form to combine the environmen-
tal and the economical aspects to one’s advantage. However, the current legislation
and regulations still need to be improved or even created to be able to have a clear
vision of the trade-offs involved on these decisions.

4 Conclusions

This article presents and discusses the main questions regarding the utilization of
residual oils and fats for biodiesel production. Some key aspects are identified and
strategies to deal with them are presented. Among them, the high content of FFA
and moisture in waste frying oils and animal fats, as compared to fresh edible oils,
makes the alkaline-catalyzed transesterification reaction to be less efficient for
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biodiesel production. A pre-treatment method suitable to handle this type of
feedstocks is presented. Also, more efficient and robust production processes are
presented that are able to use feedstocks with the characteristics normally encoun-
tered in waste fats.

As the global demand for biodiesel increases and the pressure to be more envi-
ronmental friendly, yet maintaining market competitiveness, increases, more and
more waste residues will be seen as valuable raw materials. Besides helping compa-
nies to fulfil their goals, policy targets defined at governmental and regional levels
may be easier to reach.
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