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Introduction

Biodiesel is defined as “a fuel comprised of the mono-alkyl ester of long chain
fatty acids derived from vegetable oils or animal fats” (1). Accordingly, biodiesel
is derived from vegetable oils or animal fats by a transesterification reaction
(Scheme 4.1), in which the oil or fat is reacted with a monohydric alcohol in the
presence of a catalyst. Methanol is the alcohol used most commonly to produce
biodiesel as it is the least expensive alcohol in many countries.

Besides transesterification to alkyl esters, three other approaches—dilution
with conventional, petroleum-based diesel fuel (DF), microemulsions (co-solvent
blending), and pyrolysis—have been explored for utilizing vegetable oils as fuel
(2). However, as the mono-alkyl esters of vegetable oils and animal fats—
biodiesel —are the only approach that has found widespread use (and, accordingly,
the vast majority of research papers deal with this approach), this article will focus
on such mono-alkyl esters.

History and Overview

The use of vegetable oils as a DF is a concept nearly as old as the diesel engine
itself. At the Paris World Exhibition in 1900, at the request of the French govern-
ment, a diesel engine was demonstrated using a vegetable oil (peanut oil) as fuel
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Scheme 4.1. The transesterification reaction.
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(3) and was described in reports by Rudolf Diesel (4,5), the inventor of the engine
that bears his name. Numerous papers were published until the late 1940s regarding
the use of vegetable oils as fuel (3). The background in most cases was a rather mod-
ern one—namely, to provide an alternative source of energy. This was the case also
in European countries with African colonies. Among those numerous reports are sev-
eral articles (6-8) from Belgium and its former colony, the Belgian Congo, which are
presumably the first to describe the use of what is today termed biodiesel as fuel (3).
In that work, ethyl esters of palm oil were utilized, however, other oils and esters
were described as suitable. During the age of inexpensive and easily accessible petro-
leum from approximately 1950 until the 1970s, hardly any reports on vegetable oil-
based fuels were published. As a result of the energy crises of 1973 and later years,
the interest in alternative fuels, among them vegetable oils was renewed. In 1980, the
use of esters of sunflower oil as DF was reported (9). These authors explicitly pointed
out that viscosity of the esters is significantly decreased compared to the parent veg-
etable oil, now being close to that of conventional DF. The lower viscosity nearly
eliminated engine problems such as injector coking and deposits which are a problem
with neat vegetable oils. Besides the energy security aspect, environmental concerns
(with regulations and legislation arising therefrom) as well as utilization of excess
agricultural commodities have become significant driving forces for the use of alter-
native fuels such as those derived from vegetable oils. Commercialization has
occurred in numerous countries around the world with varying economic and legisla-
tive conditions. Standards have been or are being developed in Europe, the U.S. and
elsewhere. Countless research papers on biodiesel as well as numerous reviews, book
chapters, and general interest articles have been published.

Sources of Fuels

Biodiesel is obtained from various sources depending largely on the country and its
climate. Accordingly, soybean oil is the vegetable oil most commonly used for
biodiesel production in the U.S. Rapeseed oil (in low-erucic form canola oil) is the
major feedstock in Europe, although it is also used in the Pacific Northwest of the
U.S. Countries with tropical climate utilize tropical oils such as coconut and palm
oil. Other common oils such as cottonseed, peanut (groundnut) and sunflower oils
have been studied. Potential sources of biodiesel with some emphasis on develop-
ing countries were discussed in more detail (10). Less common or less studied veg-
etable oils that have been investigated as sources of biodiesel include Cynara car-
dunculus (Castillian thistle) (11), rubber seed oil (12), karanja (Pongamia glabra)
and nahor (Mesua ferrea L.) oils (13), Cuphea viscosissima (14), and Jatropha
curcas L. (15), tobacco seed oil (16) as well as other non-conventional oils (17).
Various feedstocks for biodiesel were also explored in earlier times (3). Animal
fats such as tallow have also been investigated. More recently, increasing emphasis
has been placed on low-cost feedstocks such as used frying oils and soapstock.
Microalgae were also suggested as a source of biodiesel (18).
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Economics, Regulatory Issues, and Ultilization

A major obstacle facing biodiesel commercialization is economics. The higher
price of the feedstock compared to petroleum translates into a higher price for the
resulting fuel. In the U.S. the price of a gallon (about 3.8 liters) of soybean oil is
approximately $1.40-$1.50. Other feedstocks are even more expensive. After com-
pletion of fuel production, the price of a gallon of methyl soyate is even higher,
approximately three to four times that of conventional DF. On the other hand,
glycerol, which has numerous uses as a by-product of the transesterification
process, may help offset some of the costs. Biodiesel with accompanying glycerol
production has had a significant influence on glycerol prices in recent years (19).

Incentive-providing legislation and regulations regarding taxes, the environ-
ment and energy security offset the inherent economic disadvantage of biodiesel
toward conventional DF. In some European countries such as Germany, biodiesel
is not subject to the excise tax levied on petroleum-derived fuels. Since the total
taxes on conventional fuels are so high, biodiesel becomes economically competi-
tive with conventional DF if it is not subject to these taxes, causing biodiesel to be
fairly widely available at filling stations for general use. However, beginning in
2003, tax incentives proportional to the level of biodiesel were applied in Germany
to blends of biodiesel with conventional DF. In France, biodiesel is being promot-
ed by approval of a 5% blend of biodiesel in conventional DF available at the
pump and as 30% blend available to fleets of “urban vehicles.” In the U.S., envi-
ronment and energy security-related issues have been the major driving forces
apply, expressed in the Clean Air Act Amendments of 1990 and the Energy Policy
Act (EPAct) of 1992 as well as the Energy Conservation Reauthorization Act of
1998. Both neat biodiesel and “B20” (a blend of 80 vol% conventional DF with 20
vol% biodiesel) are recognized as alternative fuels in the U.S. under EPAct crite-
ria. Regulated fleets (government and other public fleets) can earn credits for using
a certain amount of both neat biodiesel and B20. Therefore, in the U.S. biodiesel
has been mainly promoted for use in regulations-affected and niche markets (regu-
lated fleets, urban bus fleets, marine and mining markets). In developing countries,
especially those that produce significant amounts of tropical oils, the main incen-
tive for using biodiesel is to become independent of petroleum imports.

A major development which will likely serve to additionally promote the use of
biodiesel is upcoming mandates prescribing the use of low-sulfur conventional DF.
Removal of the sulfur-containing components from conventional DF causes the
lubricity of the conventional DF to be significantly reduced or even eliminated.
Inherent lubricity of the fuel is important for the functioning of engine components
such as fuel pumps and injectors. Adding biodiesel in low amounts (1-2%) to low-
sulfur conventional DF restores the lubricity. An advantage of biodiesel in that case is
its inherent fuel value, which is not necessarily the case with lubricity additives.

Agricultural policies play a role in the production of biodiesel. In the U.S., the
goal is to find a significant use of excess soybean oil and provide price support for

Copyright © 2005 AOCS Press



that commodity. Increased demand for soybean oil as a result of biodiesel produc-
tion could increase soybean oil prices by up to 14% (20). The 2002 Farm Bill con-
tains an energy title which provides for payments to biofuels producers who pur-
chase agricultural commodities for that purpose. In countries of the European
Community, set-aside land taken out of crop production for food use may be used
for growing crops for nonfood uses. Affected farmers would still receive the gener-
al set-aside premium, providing an additional incentive to grow crops for nonfood
uses.

Biodiesel production has increased significantly over the past few years and is
likely to increase further (21, 22). According to some estimates, the capacity for
biodiesel production in Europe in 2003 was approximately as high as 2.5 to 2.7
million metric tons (22). More than 90% of this capacity is in Europe with the U.S.
accounting for the rest. Numerous biodiesel plants are under construction or in
planning stages with accompanying significant increases in production.

According to a life-cycle analysis of biodiesel (23) in the U.S., biodiesel is
competitive with other alternative fuels such as compressed natural gas (CNG) and
methanol in the urban transit bus market. An advantage of biodiesel is its near full
compatibility with existing fuel distribution and use infrastructure. No engine mod-
ifications (with the exception of some seals and gaskets) are required to commer-
cial diesel engines and storage is similar to conventional DF. This advantage can
offset the higher price of the biodiesel fuel in comparison to other alternative fuels
which may require significant and expensive infrastructure changes. On the other
hand, life-cycle assessments should be carried out individually for each source as
the results can vary significantly and the methods used also have great influence
24).

With the exception of nitrogen oxides (NO,), the use of biodiesel reduces
exhaust emissions compared to conventional petroleum-based DF. Due to its lack
of sulfur, biodiesel does not cause SO, emissions. The lower emissions make
biodiesel attractive for use in urban bus fleets and other niche markets such as min-
ing and marine engines. Besides environmental and health reasons with accompa-
nying regulations, focusing on the use of biodiesel in niche markets is additionally
attractive because not enough feedstocks are available to supply the whole diesel
market with biodiesel.

Cetane Numbers and the Suitability of Fatty Compounds
as Diesel Fuel

A scale conceptually similar to the familiar octane scale used for gasoline (petrol),
the cetane number (CN), exists for describing the ignition quality of conventional
DF or its components. The CN is determined by standards such as ASTM D613.
The CN of a DF is determined by the ignition delay time, that is, the time that
passes between injection of the fuel into the cylinder and onset of ignition. The
shorter the ignition delay time, the higher the CN and vice versa. Generally, a com-
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pound that has a high octane number tends to have a low CN and vice versa. Thus,
2,2 4-trimethylpentane (iso-octane), a short, branched alkane, is the high-quality
standard (a primary reference fuel; PRF) for the octane scale (and also gives it its
name) of gasoline with an octane number of 100 while n-heptane is the low-quality
PRF with an octane number of 0 (25). For the cetane scale, a long straight-chain
hydrocarbon, hexadecane (C,4H,,; trivial name cetane, giving the cetane scale its
name) is the high-quality standard and has been assigned a CN of 100. At the other
end of the scale, a highly branched compound, 2,2,4,4,6,8.8,-heptamethylnonane
(HMN, also C,H,,), a compound with poor ignition quality in a diesel engine, has
been assigned a CN of 15. Thus branching and chain length influence CN with CN
decreasing with decreasing chain length and increasing branching. Aromatic com-
pounds occur in significant amounts in conventional DF and have low CN but their
CN increase with increasing size of n-alkyl side chains (26,27). The cetane scale is
arbitrary and compounds with CN >100 (although the cetane scale does not pro-
vide for compounds with CN >100) or CN <15 have been identified.

The cetane scale demonstrates the suitability fatty compounds as alternative
DF. The structure of the long, unbranched chains of fatty acids (FA) is similar to
those of n-alkanes which yield good conventional DF. CN of fatty compounds and
alkyl esters of vegetable oils and animal fats are presented in Tables 4.1 and 4.2.

However, besides ignition quality as expressed by the cetane scale, several
other properties determine the overall quality of any DF. Especially heat of com-
bustion, pour point (PP), cloud point (CP), viscosity, oxidative stability and lubric-
ity are of importance.

General Comparison of Fuels from Vegetable Oils and
Animal Fats

Some relevant properties of the most common FA occurring in vegetable oils and ani-
mal fats as well as some of their esters are listed in Table 4.1. Besides these FA,
numerous other FA occur in vegetable oils and animal fats, but their amounts usually
are considerably lower. Properties of esters of oils and fats are given in Table 4.2.

The most common derivatives of TG (or FA) for fuels are methyl esters. These
are formed by transesterification of the TG with methanol in the presence of usual-
ly a basic catalyst to give the methyl ester and glycerol (see Scheme 4.1). Other
alcohols have been used to generate esters such as the ethyl, propyl, and butyl
esters. As discussed above, the suitability of fats and oils as DF results from their
molecular structure and high energy content. Long, saturated, unbranched hydro-
carbon chains as they are found in fatty compounds are especially suitable for con-
ventional DF as shown by the CN scale. CN generally increase with increasing
chain length (28). Other observations (29) are (i) that double bonds decrease CN
(therefore, the number of double bonds should be small rather than large), (ii) that
a double bond, if present, should be positioned near either end of the molecule, and
(iii) no aromatic compounds should be present. However, branching in the ester
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moiety (iso-propyl esters, etc.) does not negatively influence CN of fatty com-
pounds (30). The combustion of the glyceryl moiety of triacylglycerols could lead
to the formation of acrolein and this in turn to the formation of aromatics (29),
although no acrolein was found in precombustion of triacylglycerols (31). This
may be one reason why fatty esters of vegetable oils perform better in a diesel
engine than oils containing the TG (29).

The above statements on CN correlate with the values given in Tables 4.1 and
4.2. The CN of mixtures are influenced by the nature of their components. Fuel
components with higher CN impart these higher CN to the biodiesel fuel.

It is occasionally emphasized that biodiesel is an oxygenated fuel, implying
its oxygen content plays a role in making fatty compounds suitable as DF by
“cleaner” burning. The responsibility for this suitability rests, however, mainly
with the hydrocarbon portion which is similar to conventional DF. Furthermore,
the oxygen in fatty compounds may be removed from the combustion process by
decarboxylation, which yields incombustible carbon dioxide (CO,), as precom-
bustion (31), pyrolysis and thermal decomposition studies discussed below imply.
Also, pure unoxygenated hydrocarbons, like cetane, have CN higher than
biodiesel.

The CN of esters correlate well with boiling points (28). Quantitative correla-
tions and comparisons to numerous other physical properties of fatty esters con-
firmed that the boiling point gives the best approximation of CN (32).

ASTM D613 is used in determining CN. For vegetable oil-derived materials,
an alternative scale utilized a constant-volume combustion apparatus (CVCA) (33).
The amount of material needed for CN determination was reduced significantly
with this bomb and it also allows studying materials with high melting points (mp)
that cannot be measured by ASTM D613. Estimated cetane numbers (ECN) were
determined on a revised scale permitting values greater than 100. In this case, the
ECN of methyl stearate is 159 and that of methyl arachidate (20:0) is 196 (33). The
ECN of other esters were methyl laurate 54, methyl myristate 72, methyl palmitate
91, and methyl oleate 80. The ECN of the TG trilaurin and trimyristin exceeded
100, while in another series of experiments the ECN of tripalmitin was 89, tris-
tearin 95, triolein 45, trilinolein 32, and trilinolenin 23. The term “Lipid Combus-
tion Quality Number” with an accompanying scale was suggested instead of CN to
provide for values in excess of CN 100 (33).

Often the “cetane index” of a fuel is published and should not be confused
with CN. This is an ASTM-approved alternative method for a “non-engine” pre-
dictive equation of CN for petroleum distillates (34). Equations for predicting CN
are usually not applicable to nonconventional DF such as biodiesel or other lipid
materials (35). Cetane indices are not given here. Methods for estimating the
cetane indices of esters of FA and vegetable oils were presented (36,37).

Besides CN, gross heat of combustion (HG) is another property of fatty com-
pounds that is essential in proving the suitability of these materials as DF as the
heat content of vegetable oils is nearly 90% that of DF2 (38-41). The heats of
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TABLE 4.1
Properties of Fatty Acids and Esters of Relevance to Biodiesel?

m.p. b.p. Kinematic viscosity HG

Trivial (Systematic) name; Acronymb °C) °C) Cetane no. (40°C; mm?/s = cSt) (kg-cal/mole)
Lauric (Dodecanoic); 12:0 44 1317

Methyl ester 5 266766 61.4(99.1) 1.95% 2.38 1940

Ethyl ester —1.8fr 16325 2.88¢ 2098
Myristic (Tetradecanoic); 14:0 58 250.5100

Methy! ester 18.5 295751 66.2 (96.5) 2.69¢, 3.23 2254

Ethyl ester 12.3 295 66.9 (99.3) 2406
Palmitic (Hexadecanoic); 16:0 63 350

Methyl ester 30.5 415-4418747 74.5 (93.6) 3.60¢ 4.32 2550

Ethyl ester 19.3/24 19110 85.9 2717

Propyl ester 20.4 1902 93.1

Iso-propyl ester 13-14 1602 85.0

82.6

Stearic (Octadecanoic); 18:0 71 3609 61.7

Methyl ester 39 4423747 86.9 (92.1) 4.74¢,5.61 2859

Ethyl ester 31-33.4 19910 101 3012

Propyl ester 76.8;97.7

Iso-propy! ester 69.9; 90.9

96.5
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Palmitoleic (9(2)-Hexadecenoic); 16:1
Methyl ester

Oleic (9(2)-Octadecenoic); 18:1
Methyl ester
Ethyl ester
Propyl ester
Iso-propyl ester

Linoleic (9Z,12Z-Octadecadienoic); 18:2
Methyl ester
Ethyl ester
Propyl ester

Linolenic (9Z,127,15Z-Octadecatrienoic); 18:3
Methy! ester
Ethyl ester
Propyl ester

Erucic (13Z-Docosenoic); 22:1
Methy! ester
Ethyl ester

16
-20

-5
-35

=11
-57/-52

33-34

286100
218.520
216-2217151

229-23016
21520
270-275180

230-23217
1 09001 8
17425

26515
22-2225
229-230°

51.0

46.1
55;59.3
53.9; 67.8
55.7;58.8
86.6

31.4

42.2; 38.2
37.1;39.6
40.6; 44.0

20.4
20.6; 22.7
26.7
26.8

3.731; 4.45
5.50 (25°)°

3.05% 3.654

2.65% 3.27

5.91¢ 7.21i

2521

2794

2750

3454

aMelting points (m.p.) and boiling points (b.p.) obtained from References 42 and 309. Superscripts denote pressure (mm HG) at which the boiling point was determined.
Heats of combustion obtained from References 40 and 42. Cetane numbers obtained from References 28, 30, and 180. Number in parentheses indicates purity (%) of the

material used in CN determinations in Reference 28. Kinematic viscosity values from Reference 310. Dynamic viscosity values from Reference 313.
bThe numbers denote the number of carbons and double bonds. For example, in oleic acid, 18:1 stands for eighteen carbons and one double bond.

“Dynamic viscosity values, see footnote a.
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TABLE 4.2
Fuel-Related Physical Properties of Esters of Oils and Fats

Cetane HG high/low Kinematic viscosity ~ Cloud point ~ Pour point  Flash point?
Oil or fat; ester number (kiZkg) (mm?/s) (°C) (°C) (°C) Reference
Coconut
Ethyl 67.4 38158 3.08 5 -3 190 223

Corn

Methy! 65 38480 (lower) 4.52 -3.4 -3 111 312
Cottonseed

Methyl 51.2 — 6.8 (21°) — -4 110 313
Palm

Ethyl 56.2 39070 (h) 4.50 (37.8°C) 8 6 — 314
Rapeseed (low-erucic; canola)

Methy! 53.7 38850 (h/l) 4.96 CFPP: -6 315

Methyl 47.9 39870 (h) 4.76 -3 -9 166 314

Ethyl 67.4 40663 6.02 1 -12 170 223
Safflower

Methyl 49.8 40060 — — -6 180/149 316
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Soybean
Methy!
Methyl
iso-Propyl

Sunflower
Methyl

Tallow
Methyl
iso-Propyl

Hydrogenated soybean
Ethyl

Yellow grease
Methy!

49.6
55.9

58

61.8

65.1

62.6

39823/37372
39753

38472

39961/37531

40093

39817/37144

4.18 (40°C)
4.27

4.39

4.99 (40°C)
7.10

5.54

5.16

-1.1

1.5

15.6

-3.9

-12

12.8

190.6
185

110

187.8

174

317
223
218

312

317
220

223

318

aSome flash points are very low. These may be typographical errors in the references or the materials may have contained residual alcohols.

bDynamic viscosity.
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combustion of fatty esters and triacylglycerols (40) as well as fatty alcohols (41)
were determined and shown to be within the same range. Heats of combustion
range from about 1,700 kg-cal/mole to about 3,500 kg-cal/mole for C,,-C,, FA
and esters, increasing with chain length (40,42). For purposes of comparison, the
literature value (42) for the heat of combustion of hexadecane (cetane), the high
CN standard for conventional DF, is 2559.1 kg-cal/mole (at 20°C), which is in the
same range.

Other important fuel properties are viscosity and those related to low tempera-
tures. This is shown by the data in Tables 4.1 and 4.2, which list the mp (and boil-
ing points) of neat fatty compounds as well as the viscosities of neat fatty com-
pounds and methyl esters of some oils and fats. The viscosity of vegetable oils is
approximately one order of magnitude greater than that of conventional DF. The
high viscosity with resulting poor atomization in the combustion chamber was
identified early as a major cause of engine problems such as nozzle coking,
deposits, etc. (9,40,43-46). Therefore, neat vegetable oils have been largely aban-
doned as alternative DF. However, as the data show, the viscosity of the alkyl
esters is close to that of conventional DF. Accordingly, the ranges for kinematic
viscosity in biodiesel standards are 1.9-6.0 mm?%/s (ASTM D6751) and 3.5-5.0
mm?/s (EN 14214).

FA methyl esters have higher CP and PP than their parent oils and fats and
conventional DF. This is important for engine operation in cooler environments.
The CP is defined as the temperature at which the fuel becomes cloudy due to for-
mation of crystals which can clog fuel filters and supply lines. The PP is the lowest
temperature at which the fuel will flow. It is recommended by engine manufactur-
ers that the CP be below the temperature of use and not more than 6°C above the
PP. A more detailed discussion of low temperature of esters from vegetable oils
and animal fats can be found below.

Numerous reports exist showing that fuel economies of certain biodiesel
blends and conventional DF are virtually identical. In numerous on-the-road tests,
primarily with urban bus fleets, vehicles running on blends of biodiesel with con-
ventional DF (usually 80 vol% conventional DF and 20% biodiesel) required only
about 2-5% more of the blended fuel than of the conventional fuel. No significant
engine problems were reported.

The methyl and ethyl esters of soybean oil generally compared well with DF2
with the exception of gum formation which leads to problems with fuel filter plug-
ging (45). Another study reports that methyl esters of rapeseed and high-linoleic
safflower oils formed equal and lesser amounts of deposits than a DF standard
while the methyl ester of high-oleic safflower oil formed more deposits (47).
Soybean methyl and ethyl esters were evaluated by 200-h EMA (Engine
Manufacturers Association) engine tests and compared to DF2. Engine perfor-
mance with soybean esters differed little from that with DF. In that work, also a
slight power loss was observed, together with an increase in fuel consumption due
to the lower heating values of the esters. The emissions for the two fuels were sim-
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ilar, with the exception of NO, which are higher for the esters as discussed above.
Engine wear and fuel-injection system tests showed no abnormal characteristics for
any of the fuels. Although deposit amounts in the engine were comparable, the
methyl ester showed greater varnish and carbon deposits on the pistons. Operating
DI engines with neat soybean oil esters under certain conditions produced lubricat-
ing oil dilution which was not observed with an IDI engine (50).

Vegetable oil-based fuels possess inherent lubricity. This is significant because
environmental concerns and resulting future regulations dictate the use of conven-
tional DF with low sulfur levels. Conventional DF serves as its own lubricant with-
in the fuel system. At low sulfur levels, that ability is lost. Even at low blend levels
(additive levels, approximately <2 wt%), biodiesel could serve not only as a fuel
component but as a lubricity-improving additive. Methyl soyate was a more effec-
tive lubricant than soybean oil at equal treatment rates but a soybean oil-based
additive was even more effective (49). For the conventional DF with poorest inher-
ent lubricity, 1% or slightly higher treatments rates with soybean oil were neces-
sary to meet specifications.

Biodiesel is readily biodegradable, which contrasts with conventional DF.
This was shown by the CO, evolution method in an aquatic system (50).
Conventional DF degraded faster in the presence of biodiesel. Another advantage
of esters from vegetable oils and animal fats as fuels is their higher flashpoint
which makes them safer to handle and store than conventional DF.

Due to its solvent properties (see above), ester fuels are not compatible with
some polymers used in fuel system components such as seals and gaskets of con-
ventional DF. Accordingly, it has been reported that Teflon® and other fluoroelas-
tomers are least affected by biodiesel and its blends with conventional DF while
nitrile rubber, nylon 6/6 and high-density polypropylene showed less resistance
(51). It was reported in the same study that copper-containing metals are severely
corroded by biodiesel and its blends and also showed gum formation. Steel and
aluminum did not show gum formation but caused high acid numbers which could
cause corrosion. Storage stability is discussed below.

Biodiesel Standards

As mentioned above, some biodiesel standards have been established, including in
the U.S. and Europe. While similar in many aspects, they also contain some
notable differences as briefly discussed here and elsewhere in this chapter.

The iodine value (IV) has been included in the European standard and is based
on rapeseed oil as biodiesel feedstock. The maximum IV in EN 14214 is 120,
which would largely exclude soybean oil and some other common vegetable oils
(neat vegetable oils and their methyl esters have nearly identical IV) as biodiesel
feedstock. However, the use of the IV is not without problems (52), including the
fact that it does not adequately reflect that a specific IV can arise from a nearly
infinite number of FA profiles. Biodiesel from vegetable oils with high amounts of
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saturates (low IV) will have a higher CN while the low-temperature properties are
poor. Biodiesel from vegetable oils with high amounts of unsaturates (high IV)
will have low CN while the low-temperature properties are better. Thus, CN and
low-temperature properties run counter to each other and this must affect IV for
biodiesel standards. The IV also does not take into consideration structural factors
of fatty compounds as discussed above where the CN depend on double bond posi-
tion, etc. It was suggested that it appears better to limit the amount of higher unsat-
urated FA (e.g., linolenic acid) than to limit the degree of unsaturation by means of
the IV (53). In the standard EN 14214, the amount of linolenic acid is now limited
to 12%, which may be difficult to reconcile with an IV limit of 120. Soybean oil,
rapeseed oil, and canola oil (low-erucic rapeseed oil) have very similar 18:3 FA
content, which is the most problematic in the formation of engine deposits through
polymerization. However, linseed oil methyl ester (high 18:3 content and IV) satis-
factorily completed 1000 h of testing in a DI engine while neat linseed oil caused
the engine to fail (54). In a study on prepared ester fuels of medium to high iodine
values, no significant differences in engine performance and deposits were
observed and no limit for the IV could be given (55). EN 14214 calls for a maxi-
mum of 12% C18:3 in biodiesel, which would permit soybean oil as feedstock. A
major difference therefore affecting feedstocks and their IV is the C18:2 content.
Additionally, EN 14214 limits the amount of FA with =4 double bonds to 1%,
which would mainly appear to affect biodiesel from animal sources (fish oils).

Since most esters have higher CN than neat vegetable oils and conventional
DF, the esters could accommodate higher CN than the minimum of 40 given in the
ASTM standard for conventional DF. For example, the lowest reported CN for
methyl soyate is 46.2. The minimum CN in the European standard is higher.

The European biodiesel standard EN 14214 includes the cold-filter plugging
point (CFPP) that pertains to the low-temperature flow properties of biodiesel. This
low-temperature property test is used in Europe, South America, and the Pacific
rim. Each European country can determine the limit for CFPP individually depend-
ing on the time of year. In North America, a more stringent test, the Low-
Temperature Flow Test (LTFT), is used and specified by ASTM D4539. Although
the LTFT is more useful in evaluating low-temperature flow properties, ASTM
D6751 requires only specification of CP for certification without a limit being
given in the standard due to varying climate conditions in the U.S.

Combustion and Emissions

Conventional DF and vegetable oil-derived fuels generate similar types of compounds
in exhaust emissions. This is another indication of the suitability of fatty compounds
as DF because there presumably exist similarities in their combustion behavior.
Emissions from any engine are the result of the preceding combustion within
in the engine. The combustion process, in relation to the properties of the fuel, and
its (in)completeness are responsible for any problems associated with the use of
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any fuel, such as formation of deposits. Ideally, the products of complete combus-
tion of hydrocarbons are CO, and water. Combustion in a diesel engine occurs
mainly through a diffusion flame and thus is incomplete (56). This causes the for-
mation of partially oxidized materials such as carbon monoxide (CO), other oxy-
genated species (aldehydes, etc.), and hydrocarbons.

In the case of biodiesel, liberation of CO, (decarboxylation), as discussed
above, can occur besides combustion formation of CO, from the hydrocarbon por-
tions of biodiesel. The formation of incombustible CO, shows that oxygenated
compounds as combustion enhancers need to be chosen judiciously since the com-
bustion-enhancing properties depend on the nature of the oxygen (bonding, etc.) in
these compounds. Therefore, the higher oxygen content of biodiesel does not nec-
essarily imply improved combustion compared to conventional DF as oxygen may
be removed from the combustion process by decarboxylation. CO,, however, may
contribute to combustion in other ways.

Exhaust emissions observed in the combustion of conventional DF and
biodiesel are smoke, which is a mixture of fuel and lubricating oil particles in
unburned, partially burned or cracked states (57), particulates [particulate matter
(PM)], polyaromatic hydrocarbons (PAH), hydrocarbons, CO, and oxides of nitro-
gen (NO,, also referred to as nitrous oxides, or nitrogen oxides). Sulfur-containing
emissions are not formed from neat biodiesel due to its lack of sulfur. Rapeseed
contains low amounts of sulfur but in variations such as canola, erucic acid and
sulfur content are further reduced (58). The rapeseed oil mentioned in European
publications on alternative fuels usually refers to canola-type oil.

The composition of particulate matter has been studied for conventional DF.
Particulates are soot that has collected high molecular weight hydrocarbons (and
sulfates in the case of conventional DF) (57,59). Thus, particulates from conven-
tional DF have a high carbon to hydrogen ratio. Soot particles consist of spherules
(somewhat spherical species) arranged in irregular clusters or chains (57). The size
of particulates is of concern because smaller species (diameters less than 10 wm)
can be inhaled deeply into the lungs. Therefore, the size distribution of particulate
matter may be of greater significance than its mass.

PAH are compounds composed of fused aromatic rings that may carry alkyl
substituents such as a methyl group. They are of concern because many of them
are known carcinogens.

Hydrocarbons represent a broad category of compounds including hydrocar-
bons and oxygenated species such as aldehydes, ketones, ethers, etc. Although
some of these emissions such as aldehydes are unregulated (not limited by legisla-
tion), many of these species such as formaldehyde are ozone precursors.

As precursors of ozone, which in turn is a major component of urban smog,
NO, exhaust emissions are of particular concern. Accordingly, both NO, exhaust
emissions and ozone in ambient air are subject to environmental regulations. NO,
species arise by the reaction of nitrogen and oxygen from air at an early stage in
the combustion process (56,60). NO, emissions are difficult to control because
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such techniques may increase other emissions or fuel consumption. Soot can be
reduced by higher injection pressures and higher air swirl levels but this enhanced
combustion increases NO, (59). The trade-off between particulates and NO, as a
result of changes in engine design or operational parameters is a general problem
(59).

Neat vegetable oils give satisfactory engine performance and power output,
often equal to or even slightly better than conventional DF. However, vegetable
oils cause engine problems. This was recognized in the early stages of renewed
interest in vegetable oil-based alternative DF. Studies on sunflower oil as fuel
noted coking of injector nozzles, sticking piston rings, crankcase oil dilution, lubri-
cating oil contamination, and other problems (9,44). These problems were con-
firmed and studied by other authors (61-68). A test for external detection of coking
tendencies of vegetable oils was reported (69). The causes of these problems were
attributed to the polymerization of TG via their double bonds which leads to for-
mation of engine deposits as well as low volatility and high viscosity with resulting
poor atomization patterns. For blends of vegetable oils and conventional DF, it was
postulated that carbon buildup was a result of a polymerization growth process on
preferred metallic surfaces (70). The engine problems have caused neat vegetable
oils to be largely abandoned as alternative DF and have led to the research on the
aforementioned four solutions (2).

The Transesterification Process

Several reviews on transesterification are available (71-74). The most commonly
prepared esters are methyl esters, which is largely a result of methanol being the
least expensive alcohol.

Alkali catalysis (sodium or potassium hydroxide or alkoxides) is a much more
rapid process than acid catalysis in the transesterification reaction (75-77). For the
transesterification to give maximum yield, the alcohol should be free of moisture
and the free FA content of the vegetable should be less than 0.5% (76). At 32°C,
transesterification was 99% complete in 4 h when using an alkaline catalyst
(NaOH or NaOMe). At 60°C and an alcohol:oil molar ratio of at least 6:1 and with
fully refined oils, the reaction was complete in 1 h to give methyl, ethyl, or butyl
esters. The reaction parameters investigated were molar ratio of alcohol to veg-
etable oil, type of catalyst (alkaline vs. acidic), temperature, reaction time, degree
of refinement of the vegetable oil, and effect of the presence of moisture and free
FA. Although the crude oils could be transesterified, ester yields were reduced
because of gums and extraneous material present in the crude oils.

Another paper reports on the use of both NaOH and KOH in the transesterifi-
cation of rapeseed oil (78). Recent work on producing biodiesel from waste frying
oils employed KOH. With the reaction conducted at ambient pressure and tempera-
ture, conversion rates of 80 to 90% were achieved within 5 min, even when stoi-
chiometric amounts of methanol were employed (79). In two steps, the ester yields
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are 99%. It was concluded that even a free FA content of up to 3% in the feedstock
did not affect the process negatively and phosphatides up to 300 ppm phosphorus
were acceptable. The product met the quality requirements for Austrian and
European biodiesel without further treatment. In a study similar to previous work
on the transesterification of soybean oil (75-76), it was concluded that KOH is
preferable to NaOH in the transesterification of safflower oil of Turkish origin
(80). The optimal conditions were given as 1 wt% KOH at 69+1°C with a 7:1 alco-
hol:vegetable oil molar ratio to give 97.7% methyl ester yield in 18 min.

Transesterification is a reversible reaction. The transesterification of soybean
oil with methanol or 1-butanol was reported to proceed with pseudo-first-order or
second-order kinetics, depending on the molar ratio of alcohol to soybean oil (30:1
pseudo-first order, 6:1 second order; NaOBu catalyst) while the reverse reaction
was second order (81). The methanolysis of sunflower oil at a molar ratio of
methanol:sunflower oil = 3:1 was reported to begin with second-order kinetics but
then the rate decreased to formation of glycerol (82). The originally reported kinet-
ics (81) were reinvestigated (82-85) and differences were found. A shunt reaction
originally proposed (81) as part of the forward reaction was shown to be unlikely,
that second-order kinetics are not followed and that miscibility phenomena play a
significant role (82—85). The addition of co-solvents such as tetrahydrofuran (THF)
or methyl fert-butyl ether (MTBE) to the methanolysis reaction was reported to
accelerate the methanolysis of vegetable oils as a result of solubilizing methanol in
the oil and to a rate comparable to that of the faster butanolysis (83,85). Other pos-
sibilities for accelerating the transesterification appear to be microwave (86) and
ultrasonic (87) irradiation. Factorial experiment design and surface response
methodology have been applied to different production systems (88). A continuous
pilot plant-scale process for producing methyl esters with conversion rates greater
than 98% was reported (84) as well as a discontinuous two-stage process with a
total methanol:acyl ratio of 4:3 (89). The kinetics of noncatalyzed alcoholysis of
soybean oil were also investigated (90).

The transesterification of beef tallow was studied with regard to effects of
mixing (91), catalyst, free FA and water as well as solubilities of different alcohols
in the fat (92). Water had the greatest undesirable effect (93).

With increasing emphasis on utilizing low-cost sources of biodiesel, the ques-
tion of the quality of these sources is of utmost importance. The low-cost sources
such as restaurant greases and soapstock are of lower quality than refined veg-
etable oils. A major problem associated with them is the high content of free FA,
which, as indicated above, the feedstock should contain a minimum of. Thus the
processing of high-free FA feedstocks requires some changes to the overall pro-
duction process. A two-step alkali-catalyzed transesterification was reported for
high-free FA feedstocks (94). Pretreatment of the free FA by acid-catalyzed esteri-
fication prior to converting the triacylglycerols by alkali-catalyzed transesterifica-
tion is an effective method for producing biodiesel from high-free FA feedstocks
(95). A pilot plant based on this process was described (96). For the production of
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biodiesel from soapstock, all ester bonds were hydrolyzed by alkali catalysis and
the resulting FA sodium salts converted to methyl esters by acid catalysis (97).
This procedure was also taken to the small pilot scale (98). Relatedly, acid oil was
converted to biodiesel (99). More aspects are given below.

Other Transesterification Processes

Besides the methods discussed here, other catalysts have been applied in transes-
terification reactions (100). Some recently studied variations of the above methods
as applied to biodiesel preparation are briefly discussed here.

Enzymatic transesterification methods are receiving attention for producing
esters suitable as biodiesel. Advantages of enzymatic reactions can be specificity,
mild reaction conditions, reduced product isolation problems and reduced waste
(101), although they are more expensive. Lipases from Pseudomonas fluorescens
as well as two immobilized enzymes from Mucor miehei and a Candida sp. with
petroleum ether as solvent yielded methyl and ethyl esters of sunflower oil (102).
The lipase from Mucor miehei was most efficient in yielding esters of primary
alcohols while the lipase from Candida antarctica was most efficient for yielding
branched esters from secondary alcohols (103). Some other reports on enzymatic
production of esters mainly for fuel purposes include ethanolysis of sunflower oil
with a solvent-free, immobilized 1,3-specific Mucor miehei lipase (104); a variety
of enzymes used for producing different materials (105) with dependence on the
presence of solvent (106) as well as stepwise addition of methanol (106,107); the
synthesis of esters of restaurant greases (108—110); stepwise use of immobilized
Candida antarctica lipase (111) modified later for continuous use (112), methyl
acetate as an acyl acceptor (113); use of Rhizopus oryzae lipase in a water-contain-
ing system without an organic solvent (114); and in the methanolysis of vegetable
oils contained in waste activated bleaching earth (115).

Supercritical technology has also been employed for transesterification (116—
119). Alkylguanidines attached to modified polystyrene or siliceous MCM-41,
encapsulated in the supercages of zeolite Y or entrapped in SiO, sol-gel matrices
were used as transesterification catalysts (120).

Various alkaline-earth metal compounds such as calcium oxide, calcium methox-
ide and barium hydroxide were used as heterogeneous catalysts for producing rape-
seed oil methyl esters (121) as was calcium carbonate (122). Diorganotin (IV) com-
pounds were studied as catalysts for the methanolysis of tripalmitin (123).

Methyl and ethyl esters of palm and coconut oils were produced by alcoholy-
sis of raw or refined oils using boiler ashes, H,SO, and KOH as catalysts (124).
Fuel yields >90% were obtained using alcohols with low moisture content and
EtOH-H,0 azeotrope.

One-step in situ processes in which the alcohol acts as extraction solvent for the
oil-containing material and as esterifying reagent have been reported. Sunflower seed
oils were transesterified in situ using macerated seeds with methanol in the pres-
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ence of H,SO, (125). Higher yields were reported than from transesterification of
the extracted oils although seed moisture reduced the yield of methyl esters. The
CP of the in situ prepared esters appeared slightly lower than those prepared by
conventional methods. In a related study, best yields were achieved with a 300:1
molar ratio methanol: oil (126). Similarly, macerated soybeans were treated with
methanol, ethanol, n-propanol and n-butanol to give the corresponding esters
(127), although due to the insolubility of soybean oil in methanol, conversion was
low in that case.

The synthesis of methyl or ethyl esters with 90% yield by reacting palm and
coconut oil from the press cake and oil mill and refinery waste with methanol or
ethanol in the presence of easily available catalysts such as ashes of the waste of
these two oilseeds (fibers, shell, and husk), lime, zeolites, etc., was reported (128).
Similarly, the methanolysis of vegetable oils was catalyzed by ashes from the com-
bustion of plant wastes such as coconut shells or fibers of a palm tree that contain
K,CO; or Na,COj; as catalyst (129). Thus the methanolysis of palm oil by reflux-
ing 2 h with MeOH in the presence of coconut shell ash gave 96-98% methyl
esters containing only 0.8—-1.0% soap. The ethanolysis of vegetable oils over the
readily accessible ash catalysts gave lower yields and less pure esters than the
methanolysis.

Several catalysts (CaO, K,CO,, Na,CO;, Fe,0;, NaOMe, NaAlO,, Zn, Cu,
Sn, Pb, ZnO, and an anion exchange resin) were tested for catalytic activity in the
reaction of low-erucic rapeseed oil with MeOH (130). The best catalyst was CaO
on MgO. At 200°C and 68 atm, the anion exchange resin produced substantial
amounts of fatty methyl esters and straight-chain hydrocarbons.

The transesterification reaction is also the subject of numerous patents. A
transesterification process permitting the recovery of all by-products such as glyc-
erol and FA has been described (131). Some patent procedures were briefly
reviewed (132). The procedures used in the proprietary literature generally resem-
ble those published in journals.

Analysis of Transesterification Products

Potential contaminants of biodiesel include unreacted triacylglycerides; residual
alcohol and catalyst may be present as well as intermediate mono- and diacylglyc-
erides and glycerol co-product. Various methods have been investigated for ana-
lyzing biodiesel accordingly (133).

Glycerol mixtures were analyzed by TLC-FID (thin-layer chromatography/
flame ionization detection) (134), which was also used in the studies on the vari-
ables affecting the yields of fatty esters from transesterified vegetable oils (76).
The TLC- FID method has been abandoned (134-135). Gas chromatography (GC)
is the most commonly used method for detailed analysis of transesterification and
biodiesel. Analysis of reaction mixtures by capillary GC determining esters, mono-,
di- and triacylglycerols was carried out in one run (136). Free glycerol was deter-
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mined in transesterified vegetable oils (137-138). Besides analyzing esters for
sterols (139-141), which are often minor components in vegetable oils, and differ-
ent glycerides (142-143), the previous GC method (136) was extended to include
analysis of glycerol (144). In both papers (136,144), the hydroxy groups were
derivatized by silylation with N-methyl-N-trimethylsilyltrifluoroacetamide. The
GC method simultaneously analyzing for glycerol, methyl esters, and the various
acylglycerols (144) forms the basis of standards such as ASTM D6584 and EN
14105. Simultaneous analysis of methanol and glycerol was also described (145)
as was a sole determination of methanol (146). Flame-ionization detectors (FID)
were usually employed although use of a mass selective detector was reported
(138,145).

Other authors, using GC to determine the conversion of TG to methyl esters,
gave a correlation between the bound glycerol content determined by TLC/FID
and the acyl conversion determined by GC (135). Glycerol was also analyzed by
high-performance liquid chromatography (HPLC) using pulsed amperometric
detection, which offers the advantage of higher sensitivity compared to refractome-
try and being suitable for detection of small amounts for which GC may not be
suitable (147). An enzymatic method for glycerol analysis was reported (148). An
enyzme-based analysis method for glycerol is now commercially available (149).

Several other studies have been performed using HPLC analyses. The first
HPLC-related report (150) used density detection to analyze for the various glyc-
erides and methyl esters as classes of compounds in order to determine the conver-
sion of transesterification reactions. An evaporative light scattering detector
(ELSD) was employed for analyzing the product, glycerides, and free FA from an
enzymatic transesterification (151). Atmospheric pressure chemical ionization
mass spectrometry was more suitable as a detection method for reversed-phase
HPLC than ELSD and UV (152). Several LC-GC methods were also reported
including methods for analyzing for sterols (140,141,153). High-performance size
exclusion chromatography was applied in the ethanolysis of rapeseed oil (154) or
methanoloysis of palm oil (155). Other analyses include the determination of
biodiesel in conventional DF by silica cartridge chromatography (156).

Spectroscopic methods applied to the analysis of transesterification and
biodiesel are nuclear magnetic resonance (NMR) and near-infrared (NIR) spectro-
scopies. In 'H-NMR spectrometry, the protons of the methylene group adjacent to
the ester moiety in triacylglycerols and the protons in the alcohol moiety of the
methyl esters were used to monitor the methanolysis of rapeseed oil (157). For
determining conversion and kinetics by '3C-NMR, the unchanging signal of the
terminal CH, groups as well as the signals of the glyceridic moieties in the triacyl-
glycerols (158) were used. NIR peaks at 4428 cm~! and especially 6005 cm™!
which distinguish methyl esters and triacylglycerols can be used for monitoring
transesterification and assessing biodiesel fuel quality by an inductive method
(159). The use of a fiber-optic probe for acquiring the spectra renders the method
rapid and easy. NIR and 'H-NMR results can be correlated (160).
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Viscosity was used for determining the methyl ester content based of a trans-
esterification mixture (161). The results agreed well with GC. The method is
reportedly more rapid than GC and therefore especially suitable for process con-
trol.

IR spectroscopy (carbonyl absorption at 1750 cm™') with (162) and without
(163) a fiber-optic probe was used to assess the amount of biodiesel in lubricating
oil. The problem is important because biodiesel can cause dilution of lubricating
oil, ultimately resulting in engine failure.

With the increased use of biodiesel blends, the determination of blend levels
of biodiesel has recently received more attention. Methods that have been
employed include NIR and NMR spectroscopy (164), ester number (165), IR spec-
troscopy (165) and silica cartridge chromatography (166). A European standard,
EN 14078, utilizing the carbonyl absorption in the IR range is being developed. An
interesting problem involves the in-vehicle detection of biodiesel blends in order to
adjust relevant engine functions to the blend level. For this purpose, sensors have
been developed (167,168).

Emissions from Ester Fuels (Biodiesel)

Generally, most exhaust emissions observed when using conventional DF are
reduced when using biodiesel. NO, emissions, however, are an exception. In an
early paper reporting emissions with methyl and ethyl soyate as fuel (45), it was
found that CO and hydrocarbons were reduced but NO, emissions were produced
consistently at a higher level than with the conventional DF. The differences in
exhaust gas temperatures corresponded with the differences in NO, levels. Similar
results were obtained from a study on the emissions of rapeseed oil methyl ester
(169). NO, emissions were slightly increased, while hydrocarbon, CO, particulate
and PAH emissions were in ranges similar to the DF reference. Alkyl esters emit-
ted less aldehydes than the corresponding neat rapeseed oil. Unrefined rapeseed oil
methyl ester emitted slightly more aldehydes than the refined ester, while the
opposite held for PAH emissions. A 31% increase in aldehyde and ketone emis-
sions was reported when using rapeseed oil methyl ester as fuel, mainly due to
increased acrolein and formaldehyde, while hydrocarbons and PAH were signifi-
cantly reduced, NO, increased slightly, and CO was nearly unchanged (170).
Another study on agricultural tractors found that aldehydes increased by 20% with
CO and NO, similar to those from conventional DF (171). The general trend on
reduced emissions except NO, was confirmed by later studies (172), although
some studies report little changes in NO, (173,174). Little differences compared to
conventional DF were also reported for formaldehyde emissions when using soy
methyl ester (174). It was suggested that the average slight rise in NO, exhaust
emissions when using biodiesel can be at least partially traced to isentropic bulk
modulus and speed of sound of fatty esters, which are higher than for conventional
DF (175). This means that the fuel is less compressible (due to the larger mole-
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cules) which in turn causes early injection timing leading to higher combustion
temperatures and pressures responsible for the rise in NO, exhaust emissions. High
temperatures are known to increase the formation of NO, in fuel combustion (60).
However, the structure of the FA chains was found to have a significant impact on
emissions. Increasing the number of double bonds increased NO, exhaust emis-
sions (176). This could not be explained by the known trade-off between NO, and
particulate emissions, also indicating that NO, formation when using biodiesel is
not driven thermally. Particulate emissions were essentially constant if CN >45 and
density <0.89 (176). NO, exhaust emissons can be reduced by retarded injection
timing (177) and comparing at the same start of combustion led to lower NO,
exhaust emissions than from conventional DF.

Various compounds such as alkyl nitrates and peroxides are used as cetane-
enhancing additives in conventional DF (27). NO, exhaust emissions reportedly
are lowered by increasing the CN of conventional DF (178). Thus, an approach uti-
lizing cetane improvers with biodiesel to lower NO, exhaust emissions appears
feasible. It was reported (179) that in a turbulence combustion chamber and at an
intake air temperature of 105°C, 8% hexyl nitrate in vegetable oils (cottonseed,
rape, palm) was necessary to exhibit the same ignition delay as conventional DF.
Recently, some oxygenated compounds were identified as cetane improvers for
fatty esters (180) which apparently had selective effects on fatty compounds
depending on the kind of alkyl ester and nature of the FA chain, This may offer the
possibility of tailoring the cetane improver to the predominant fatty compound in a
specific biodiesel fuel. In a comparative study (181) of exhaust emissions at vari-
ous injection timings of conventional DF, B20, B20 with a peroxide cetane
improver and other DF, it was observed that retarded timing reduced NO, and
increased particulate matter for all settings. The fuel blend with cetane improver
had the lowest PM emissions of all fuels. NO, emissions for the additized blend
were slightly lower than for the unadditized blend. Furthermore, cetane improvers
derived from fatty compounds have been reported (182—-185).

A study on PAH emissions (186), in which the influence of various engine
parameters was also explored, found that these emissions from sunflower ethyl
ester were situated between DF and the corresponding neat vegetable oil. Reduced
PAH emissions may correlate with the reduced carcinogenicity of particulates
when using rapeseed methyl ester as fuel (187). With the same ester fuel in DI
engines, particulate matter showed large amounts of volatile and extractable com-
pounds adsorbed on the soot, which caused the PM emissions to be higher than
with conventional DF, although the soot itself was reduced (171). While total par-
ticulate matter was lower for methyl soyate than for conventional DF, an oxidation
catalytic converter (OCC) reduced those emissions by 50-80% (188). Greater
reductions in mutagenicity were observed for the biodiesel fuel when using the
OCC. Other authors (189) reported similar results when using a catalytic converter.
However, conflicting results were obtained when using a ceramic trap. These and
additional authors (190) also found that exhaust emissions from biodiesel fuel,
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both rapeseed and soybean oil methyl esters, had reduced environmental impact
and mutagenicity compared to conventional DF. Emissions from low-sulfur con-
ventional DF was also reported to be in the range of those from biodiesel, thus high
sulfur content as well as high engine speeds and loads were associated with
increased mutagenicity of diesel exhaust particles (190). In another study (191),
the emitted mass of PM from rapeseed methyl ester fuel was higher compared to
that from conventional DF but mutagenicity again was reduced. In the U.S.,
biodiesel is the only alternative fuel that has completed Tier 2 Health Effects
Testing required by the Clean Air Act Amendments of 1990 (192).

In a DI engine, sunflower methyl ester produced equal hydrocarbon emissions
but less smoke than a 75:25 blend of sunflower oil with DF (193). A diesel oxida-
tion catalyst (DOC) in conjunction with soy methyl ester was reported to be a pos-
sible emissions reduction technology for underground mines (194). Soy methyl
esters reportedly were more sensitive toward changes in engine parameters than
conventional DF (195).

Precombustion phase studies of methyl, ethyl, n-propyl, and n-butyl fatty
esters in a reactor simulating conditions in a diesel engine showed that various
species such as branched and straight-chain alkanes, alkenes, cyclic hydrocarbons,
aldehydes, ketones, esters, substituted benzenes as well as other compounds can
arise at this stage (196). Aromatic compounds, which possess low CN, were
observed more frequently for unsaturated fatty compounds. This observation may
constitute a possible partial explanation for the differing CN of fatty compounds
and may correlate with emissions studies.

Cold Flow Properties

All DF are susceptible to start-up and operability problems when subjected to cold
temperatures. As ambient temperature decreases below saturation temperature(s) of
high-molecular weight paraffins (C 4—C;, n-alkanes) present in conventional DF,
these paraffins nucleate to form crystals suspended in a liquid phase composed of
shorter-chain n-alkanes and aromatics (197-201). Leaving the fuel unattended in
cold temperatures overnight can cause start-up and operability problems the next
morning.

The tendency of DF to solidify at low temperatures may be quantified by the
following parameters: CP, PP, cold filter plugging point (CFPP) and low tempera-
ture flow test (LTFT). The CP is defined as the temperature where crystalline
growth becomes visible in the form of a hazy or cloudy suspension of small solid
crystals ~0.5 wm in diameter (197,198,202-204). As temperatures decrease below
the CP larger crystals interlock and form agglomerates that restrict or cut off flow
through fuel lines and filters (197,198,200,201,204-209). The temperature where
sufficient agglomeration prevents free pouring of fluid is determined by measuring
PP (199,202-204). In terms of predicting tendency of crystals to cause start-up or
operability problems after cooling overnight, the CP tends to be over-cautious and
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the PP tends to be over-optimistic (197,199,205). Therefore, low temperature fil-
terability tests (CFPP and LTFT) were developed based on results from cold
weather operability field studies (197,199,201,205,207-210). Both parameters are
measured by cooling a sample under controlled conditions then drawing a speci-
fied volume through a wire mesh filter screen within 60 sec. Conditions for mea-
suring CFPP are volume = 20 mL, vacuum force = 0.0194 atm and mesh size = 45
mm. Corresponding conditions for LTFT are 180 mL, 0.197 atm and 17 um (197,
199,202,203,211). The CFPP serves as the standard low temperature operability
parameter for most of the world while the more stringent and less user-friendly
LTFT is the standard for North America.

Thermal analytical methods such as sub-ambient differential scanning
calorimetry (DSC) have also been applied in analysis of conventional DF
(206,212-216). DSC has advantages including relatively small sample sizes (<20
mg) and applicability to samples that are solid at room temperature. Most impor-
tantly, cold flow properties may be directly correlated to crystallization onset tem-
perature (TCO) and mp.

Biodiesel made from feedstocks containing larger amounts of high-mp long-
chain saturated FA tends to have relatively poor cold flow properties (see Tables
4.1 and 4.2). For example, tallow contains 23.7-27.6 wt% palmitic acid (C,,) and
18.4-25.0 % stearic acid (C,g) (217,218), compounds whose corresponding methyl
esters have mp = 30 and 39.1°C, respectively (219). As a consequence, tallow
methyl esters have a relatively high CP (15-17°C) (220). In contrast, feedstocks
with relatively low concentrations of saturated long-chain FA generally yield
biodiesel with much lower CP and PP. Thus, linseed, olive, rapeseed, safflower
and soybean oils are examples whose biodiesel product has CP near or below 0°C
(47,80,221-223). Nevertheless, comparison with No. 2 conventional DF (CP =
—16°C; PP = -27°C (224) suggests that biodiesel from most common feedstocks
will have less reliable operability during cold weather.

Previous studies (224-226) reported a nearly linear correlation between low-
temperature filterability (CFPP and LTFT) and CP of soybean oil methyl esters
and its blends with conventional DF. Results showed that a 1°C decrease in CP
reduced CFPP or LTFT by 1°C (224). This work concluded that efforts to improve
cold flow properties of biodiesel should emphasize development of approaches that
significantly decrease CP. This conclusion was applicable to neat biodiesel and its
blends with conventional DF and was later reported to apply to blends treated with
commercial DF cold flow improver additives (226).

Analyses of methyl esters of soybean oil, tallow, admixtures thereof and win-
terized soybean oil methyl esters showed that CP, PP and other cold flow proper-
ties could be accurately correlated to parameters inferred from sub-ambient DSC
analyses (227). The temperature of maximal heat flow for freezing peaks yielded
the most accurate correlations with respect to CP, PP and CFPP; LTFT was most
accurately correlated to freezing point. Onset temperature (TCO) yielded good cor-
relations for predicting PP, CFPP and LTFT. Although parameters from analysis of
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cooling curves were found to be more reliable than those from heating curves,
other studies (217,218,228) successfully correlated CP of the soybean oil, tallow
and waste grease alkyl esters to results from analysis of DSC heating curves.

Approaches investigated or under investigation to address improvement of
cold flow properties of biodiesel include the following: blending with conventional
DF, cold flow improver additives, branched-chain esters and fractionation/winteri-
zation. Blending of esters is the simplest method for improving cold flow operabil-
ity and will be discussed in the next section.

Studies of commercial DF cold flow improver additives as modifiers for
biodiesel revealed these additives were very effective in reducing PP and CFPP
(225,226,229-232). These additives depressed PP by up to 18°C for 20 vol%
blends of soybean oil methyl esters in No. 2 conventional DF (226). Increasing
additive loading (concentration) resulted in nearly linear reductions in PP, though
some additives were more effective than others (225,226). These results demon-
strated that additives may be used to ease biodiesel pumping operations during
cooler weather. Some additives depressed CFPP, demonstrating they had greater
selectivity for modifying wax crystallization of biodiesel than simple PP depres-
sants (197,199-201,207,208,233,234). None of the additives demonstrated suffi-
cient selectivity to significantly affect nucleation in neat or blended biodiesel,
resulting in little effect on CP or LTFT (224-226). Thus, additives designed pri-
marily to modify wax crystallization in conventional DF also demonstrated some
degree of selectivity for modifying crystal nucleation mechanisms prevalent in
biodiesel.

The use of fatty compound-derived materials with bulky moieties in the chain
at additive levels is another approach (235). The background is that the bulky moi-
eties would destroy the harmony of the solids which are usually oriented in one
direction. However, these materials had only slight influence on the CP and PP.
Efforts to employ glycerol yielded as co-product from biodiesel production in syn-
thesis of agents that effectively improve cold flow properties of biodiesel were also
studied (236). Glycerol ether derivatives from reaction with isobutylene or isoamy-
lene in the presence of strong acid catalyst were shown to improve cold flow prop-
erties of in blends with biodiesel.

Transesterification of oils or fats with medium chain-length (C;—-Cy) or branched-
chain alkyl alcohols is known to improve the cold flow properties of biodiesel. Large
or bulky headgroups disrupt spacing between individual molecules in the crystal
lamellae causing rotational disorder in the hydrocarbon tailgroup chains, resulting in
formation of crystal nuclei with less stable chain packing. Transition to a more stable
form eventuates at lower temperatures (237).

Comparison of data in Table 4.1 illustrates many examples of the effects of
chain-length and branching in the alkyl moiety of the ester “headgroup” on the melt-
ing properties of esters. Consistent with the first part of this comparison, biodiesel
made from canola, linseed and soybean oil shows decreases in both CP and PP with
increasing alkyl chain-length from methyl to n-butyl (220,222,224,238). Similar
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decreases in CFPP and LTFT for tallow alkyl esters were also reported (220).
Consistent with the second part of the comparison of data in Table 4.1, biodiesel made
from soybean oil showed decreases in TCO (measured by DSC) of 7-11°C for iso-
propyl esters and 12-14°C for 2-butyl esters relative to methyl esters (218). Other
studies (224,239) showed significant decreases in CP and PP for branched-chain alkyl
esters of soybean oil. Although decreases in CP and PP were reported for isopropyl
and isobutyl esters of tallow, CFPP and LTFT only decreased slightly (220).

Crystallization fractionation is the separation of components of fatty deriva-
tives based on differences in MP (240-247). The physical nature of biodiesel sug-
gests that this technique may be a useful for improving cold flow properties by
reducing total concentration of high-mp saturated esters. Traditional crystallization
fractionation features two process stages—nucleation and crystalline growth under
carefully controlled conditions followed by separation of fractions by filtration or
centrifugation. Cooling rate and agitation in the crystallizer must be controlled to
reduce the rate of entrainment of liquid inside crystal agglomerates (240-245,
247,248). Efficient separation of solid from low-mp unsaturated esters (liquid)
yields fractions with significantly altered physical properties (242-244).

Dry fractionation, sometimes referred to as winterization, is the simplest and
least costly technique for separating high- and low-mp fatty derivatives (240-244).
Bench-scale dry fractionation studies on soybean oil methyl esters indicated that
CP and PP may be decreased to —16°C, a temperature close to LTFT of No. 2 con-
ventional DF (226,228). Although fractionation reduced total concentration of sat-
urated methyl ester (C 4 and C¢) to <6 wt%, yields of liquid fractions were very
low at only 25-30% relative to starting material. Cooling times were typically
overnight (~16 h) and multiple crystallization steps were necessary to significantly
impact CP. Similar fractionation of tallow methyl esters (IV = 41; CP = 11°C)
resulted in yields of 60—-65% liquid fraction characterized by IV = 60 and CP =
—1°C (244). Fractionation of waste cooling oil methyl esters was reported to
decrease CFPP by 2-4°C (249). Addition of commercial DF cold flow improver
additives improved separation efficiency of to 80-87% liquid fraction but still
required multiple crystallization steps to reduce CP to —10°C (250).

Solvent fractionation was also applied to separation of alkyl esters. Soybean
oil methyl esters have been successfully fractionated from acetone, isopropanol
and hexane solvents. In isopropanol, one 5-h crystallization step at —15°C was nec-
essary to reduce CP to —8°C (250). Liquid fraction yields were in the range
improved to 77-86% (226,250). Other solvents that have been applied to partial
separation of alkyl esters include methanol, Skellysolve B and ether (246).

Trace contaminants of biodiesel as they could remain after refining and trans-
esterification affected the cold flow properties of methyl soyate and blends thereof
with No. 1 conventional DF (251). Mono- and diglycerides did not influence the
PP of the esters, but the CP increased with increasing amounts of saturated mono-
or diglycerides. Even low concentrations of 0.1 wt% saturated mono- or diglyc-
erides raised the CP. Monoolein did not affect CP and PP. Unsaponifiable material
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at concentrations as low as 3% raised the T, CP and PP of soybean oil methyl
esters but had virtually no effect on a 20% blend in No. 1 conventional DF.

Storage Stability

In terms of handling and storage safety, biodiesel compares favorably with conven-
tional DF. The reason is the significantly higher flashpoint of vegetable oils and
their methyl esters. However, due to the content of unsaturated fatty compounds,
storage stability can be an issue when using biodiesel. The more conjugated or
methylene-interrupted double bonds in a fatty molecule, the more susceptible the
material is to oxidation and degradation.

Generally, storage stability is defined by the relative resistance of liquid fuels
to physical and chemical changes resulting from interaction with the environment
(202). Stability takes into account interactions of olefins, dienes and nitrogen-, sul-
fur- and oxygen-containing compounds that can lead to sediment formation and
changes in color that depend on type and quantity of unstable materials present.
Cleanliness of the fuel with respect to the presence of water, particulate solids, fuel
degradation products and microbial slimes can also influence stability (252).

Degradation in fuel properties during long-term storage occurs primarily by
the following mechanisms: (i) oxidation (autoxidation) from contact with air; (ii)
thermal or thermal-oxidative decomposition from excess heat; (iii) hydrolysis from
contact with water or moisture in tanks and fuel lines; and (iv) microbial contami-
nation from the migration of dust particles or water droplets containing bacteria or
fungi into the fuel (202,252). A book on oxidation of fatty compounds has been
published (253).

Numerous studies usually relating to the first two aforementioned mechanisms
have been carried out regarding stability of biodiesel (254-272). Summarily, these
studies have shown that storage stability of biodiesel is affected by factors such as
presence of air, heat, traces of metal (including influence of metal storage contain-
ers), peroxides, light, structural features of the compounds themselves as well as
degree of refining. High temperature, presence of light, presence of air and pres-
ence or metals, copper being especially effective (257), usually accelerate oxida-
tion of fatty compounds and their ultimate degradation. Antioxidants such as toco-
pherols (which occur naturally in vegetable oils), TBHQ (fert-butyl hydroquinone),
BHA (butylated hydroxyanisole), BHT (butylated hydroxytoluene), pyrogallol and
propyl gallate were investigated and shown to often have beneficial effects of
increasing storage stability. Methods that were used for investigating storage sta-
bility include peroxide value, acid value, viscometry, oxidative stability index
(OSI) which is closely related to the Rancimat, and other procedures. Acid value
and viscosity were shown to be especially appropriate methods (258). Methods
such as ASTM D2274 for testing the oxidative stability of conventional DF were
found to be inappropriate for biodiesel (265). Sometimes contradictory results are
reported, also in regard to the effectiveness of specific additives affecting oxida-
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tion. They may be due to different reaction conditions and other parameters,
including feedstock quality, employed by different researchers.

An oxidative stability parameter has not been included in the ASTM standard
D6751. Several properties in the European standards EN 14214 and EN 14213 are
a result of concerns regarding oxidative stability. In the years 1998-2002, the
BIOSTAB project in Europe involving research groups in several countries carried
out related experiments. Some results were summarized in several publications
(254-256,261). In the standards EN 14213 and EN 14214, a parameter on oxida-
tive stability was added as a result. This parameter prescribes the use of the stan-
dard EN 14112 (Rancimat) for determining the oxidative stability. At 110°C, the
minimum induction time for biodiesel as transportation fuel (EN 14214) is pre-
scribed as 6 h and for heating purposes the time is 4 h.

Other studies (257-258,260) evaluated oxidation induction periods by running
OSI analyses in accordance with standard methods such as AOCS Cd 12b-92 mod-
ified for lower temperatures. Milder reaction conditions were necessary because
many biodiesel samples contained high concentrations of more readily oxidizable
polyunsaturated FA esters.

Thermal analytical techniques such as thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) have been applied in the analysis of oxida-
tion of petroleum-based and synthetic lubricants (273-279). These studies general-
ly showed that DSC analysis under pressure (P-DSC) increases the total number of
moles of oxygen present in the cell accelerating oxidation at lower temperatures.
Cross (280) and Hassel (281) were among the first to apply DSC and P-DSC in
analysis of edible fats and oils. Results from these studies together with later work
(282) showed good correlations between isothermal induction periods measured by
P-DSC (in minutes) and OSI (in hours or days).

Perhaps the first study to examine oxidation of FA methyl esters was per-
formed by Raemy et al. (283). Results from that study showed that increasing tem-
perature or degree of unsaturation decreased induction period as measured by con-
ventional DSC. Results showed a direct correlation with those from the Rancimat
test, with respect to 6-12% variation. P-DSC analysis was also identified as an
efficient means for screening the activity of antioxidants with respect to type and
concentration in biodiesel (284).

Although most of the DSC and P-DSC studies cited above featured isothermal
analysis of oxidation induction period, non-isothermal (heat-ramping) thermal
analyses may provide a more rapid means for evaluating resistance to oxidation.
Several studies have reported on the use of non-isothermal DSC and P-DSC in
analysis of fatty derivatives. With respect to biodiesel, Litwinienko and co-workers
(285-287) studied oxidation kinetics of unsaturated C;q FA and their ethyl esters.
Non-isothermal DSC and P-DSC analyses were applied in screening phenolic
antioxidants in methyl soyate (259) and linolenic acid (288). Finally, induction
period results showed a good correlation between non-isothermal P-DSC scans and
those from analysis of OSI (259).
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Other parameters that can be seen as relating to oxidative stability include con-
tent of FA =3 double bonds limited to 1% in both EN 14213 or EN 14214.
Contained only in EN 14214 and not in EN 14213 is a provision that linolenic acid
be limited to a maximum of 12%. The IV is limited in EN 14213 to a maximum of
130 and in EN 14214 to a maximum of 120. However, structure indices termed
“bis-allylic position equivalents” and “allylic position equivalents” probably better
reflect the tendency of a fatty compound to oxidize than the iodine value (257,
289).

Blending of Esters

The most common application of esters (usually methyl esters; “biodiesel”) of veg-
etable oil in the U.S. is blends of conventional DF with these esters. The most
common ratio is 80% vol% conventional DF and 20% vegetable oil ester (also
termed “B20,” indicating the 20% level of biodiesel). There have been numerous
reports that significant emission reductions are achieved with these blends. Methyl
soyate can also be blended with jet fuels JP-5 and JP-8 (290). Winterization or use
of additives improves the low-temperature properties of those blends.

No engine problems were reported in larger-scale tests with, for example,
urban bus fleets running on B20. Fuel economy was comparable to DF2, with the
consumption of biodiesel blend being only 2-5% higher than that of conventional
DF. Another advantage of biodiesel blends is the simplicity of fuel preparation
which only requires mixing of the components. Ester blends were reported to be
stable. For example, a blend of 20 vol% peanut oil with 80% DF did not separate at
room temperature over a period of 3 mon (291).

A few examples from the literature demonstrate the suitability of blends of
esters with conventional DF in terms of fuel properties. In transient emission tests
on an IDI engine for mining applications (194), the soybean methyl ester used had
a CN of 54.7, viscosity 3.05 mm?/s at 40°C, and a CP of —2°C. The DF2 used had
CN 43.2, viscosity 2.37 mm?/s at 40°C and a CP of —21°C. A 70: 30 DF2: soybean
methyl ester blend had CN 49.1, viscosity 2.84 mm?/s at 40°C, and a CP of —17°C.
The blend had 4% less power and 4% higher fuel consumption than the DF2, while
the neat esters had 9% less power and 13% higher fuel consumption than DF2.
Emissions of CO and hydrocarbons as well as other materials were reduced. NO,
emissions were not increased here, although higher NO, emissions have been
reported for blends (DI engines) (169, 173).

Irregularities compared to other ester blends were observed when using blends
of the isopropyl ester of soybean oil with conventional DF (239). Deposits were
formed on the injector tips. This was attributed to the isopropyl ester containing
5.2 mol% monoglyceride which was difficult to separate from the isopropyl ester.
However, in another report (292), the isopropyl and methyl esters of soybean oil
performed well in blends with conventional DF. CO and unburned hydrocarbon
emissions were reduced as were particulates by 28% when using the isopropyl
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ester (25% reduction with the methyl ester); however, NO, emissions increased a
maximum of 12% for a 1:1 isopropyl soyate/DF blend.

Ester Fuels from Animal Fats and Waste Oils

Animal Fats. The animal fat most commonly studied for potential biodiesel use is
tallow. Tallow contains a high amount of saturated FA (Table 4.2) and its mp is
above ambient temperature. Blends of tallow esters (methyl, ethyl, and butyl) with
conventional DF were studied (293). Smoke emissions were reduced with the esters,
particularly the butyl ester. Other features such as torque, power, and thermal effi-
ciency did not deviate from conventional DF by more than 3% in any case. Specific
fuel consumption was higher for the neat esters but only 1.8% higher for a 50:50
blend of butyl tallowate with conventional DF. A study on beef tallow and an inedi-
ble yellow grease both neat and a 1:1 (weight ratio) blend of tallow with DF in short-
term engine tests with DI and IDI engines was carried out (294). The deposits were
softer than those formed with reference to cottonseed oil but still excessive. In a 200-
h EMA test the deposits caused ring sticking and cylinder wear. Thus, animal fats,
like vegetable oils, are not suitable for long-term use unless modified.

Other researchers blended methyl tallowate with 35 vol% ethanol to achieve the
viscosity of conventional DF and the fuel properties were closely related to that of No.
2 DF (295). In an investigation of blends of DF2 with methyl tallowate and ethanol
(296), an 80:13:7 blend of DF2:methyl tallowate:ethanol reduced emissions the most
without a significant drop in engine power output. The same authors determined
numerous physical properties of blends of DF with methyl tallowate, methyl soyate
and ethanol and found them to be similar to the pertinent properties of DF2.

Waste Vegetable Oils. The use of vegetable oils as frying oils produces signifi-
cant amounts of used oils which may also present a disposal problem. A major
incentive for the use of waste oils is their lower price. Acid catalyzed-processes for
biodiesel production from waste oils is economically competitive with the alkali-
catalyzed processes applied to virgin vegetable oils (297). Used vegetable oils usu-
ally contain some degradation products of vegetable oils and foreign material. A
potential operational problem of biodiesel from waste oils is their less favorable
cold flow properties due to higher amounts of saturated fatty compounds. The pro-
duction of biodiesel from such sources is briefly discussed above. However, in
analyses of used vegetable oils it was reported (298) that the differences between
used and unused fats are not very great and in most cases simple heating and
removal by filtration of solid particles suffices for subsequent transesterification.
The CN of a used frying oil methyl ester was given as 49 (299), thus comparing
well with other materials, but little demand could be covered by this source.
Biodiesel in form of esters from waste cooking oils was tested and it was reported
that emissions were favorable (300). Used canola oil (only purified by filtration)
was blended with DF2 (301). Fuel property tests, engine performance tests and
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exhaust emission values gave promising results. Filtered frying oil was transesteri-
fied under both acidic and basic conditions with different alcohols (methanol,
ethanol, 1-propanol, 2-propanol, 1-butanol, and 2-ethoxyethanol) (301). The for-
mation of methyl esters with base catalysis (KOH) gave the best yields. The
methyl, ethyl, and 1-butyl esters obtained here performed well in short-term engine
tests on a laboratory high-speed diesel engine. However, during heating of frying
oil, chemical changes such as formation of polymers can occur. In a study on heat-
ed rapeseed (canola) oil as a source of biodiesel, heating caused the amount of
polymers to increase up to 15% in rapeseed oil but only 5% in the methyl esters
(302). Dimeric and trimeric triacylglycerols in the starting oil were mainly convert-
ed into monomeric and dimeric FA methyl esters. The monomeric and dimeric
species negatively influenced fuel properties. Thus, after 6 h heating Conradson
carbon residue and after 16 h viscosity exceeded biodiesel specifications. The
amount of polymers in waste oil was taken as an indicator for its suitability in
biodiesel production. Viscosity and Conradson carbon residue were taken as good
indicators for the existence of higher dimer levels.

Waste olive oil without any further derivatization was also studied in blends
with conventional DF and these blends were found to be suitable as fuel (303).
Used, underivatized sunflower oil was also studied (304). Methyl esters of waste
olive oil were reported to be a suitable fuel (305). Waste palm oil was transesteri-
fied with ethanol to biodiesel (306) and tested in a water-cooled furnace (307).
Waste oil was thermally cracked to obtain a fuel suitable for use in a diesel engine
(308). As discussed above, the FA in soapstock, a by-product of vegetable oil
refining consisting mainly of water, acylglycerols, phosphoglycerols and free FA
with a total FA content of 25-30%, were also converted into biodiesel and the fuel
found to be competitive with biodiesel from other sources (97,98).

Summary and Outlook

The use of vegetable oil-based DF, particularly in the form of esters (“biodiesel”),
will probably continue to increase. Numerous reports in the popular and lay sci-
entific press discuss this topic and new biodiesel plants are constantly being con-
structed. Further refinement of existing standards is likely as well as development of
standards in more countries around the world. Although vegetable oil-based fuels
cannot replace all petroleum-based DF, they play an important role among the
alternative fuels and contribute to the goal of energy independence and security.
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