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ABSTRACT: The biodiesel that is considered as a possible
substitute or extender of conventional automotive diesel fuel is
commonly composed of fatty acid methyl esters that are pre-
pared from the glycerides in vegetable 0ils by transesterification
with methanol. This form of biodiesel is compatible with diesel
fuel but offers no improvement in its ignition quality. This work
describes the results of a series of experiments aimed at assess-
ing other common fatty acid derivatives that could provide the
desired biofuel component and, at the same time, improve the
performance of the fuel. it was found that tertiary fatty amines
and amides are significantly more effective than methyl esters
in enhancing the ignition quality of the finished diesel fuel with-
out having any negative effect on its cold flow properties.
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Carbon dioxide emissions from fuel usage are generally con-
sidered a major contributor to global warming. As a means to
alleviate the problem, the possibility of using biomass-de-
rived fuel components in gasoline and diesel fuel is being pur-
sued in many part of the world. The European Community
has set an objective to secure for motor biofuels a market
share of 5% of total motor fuel consumption by 2005; it is ex-
pected that a significant portion of this total amount will be
biodiesel, and a Council Directive that sets down its specifi-
cation is currently under discussion (1). In a similar vein, the
U.S. Department of Energy (2) estimates that up to 50% of
the total U.S. diesel fuel consumption could be replaced with
biodiesel, defined as “a substitute for, or an additive to, diesel
fuel that is derived from the oils and fats of plants.”
Accepted sources of biodiesel are various types of veg-
etable oils (3—7), which are generally transesterified to a mix-
ture of fatty acid methyl esters to reduce viscosity and im-
prove combustion behavior. The resulting biodiesel is quite
similar to conventional diesel fuel in its main characteristics;
it has a cetane number (CN) of around 50, while its sulfur
content is close to zero. Biodiesel is also compatible with con-
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ventional diesel, and the two can be blended in any propor-
tion; the ignition quality of the blends, however, remains es-
sentially the same as that of the conventional diesel.

This paper describes some of the recent work in our labo-
ratory regarding other derivatives of fatty acids, which can be
biended with conventional diesel fuel and furnish the desired
biomass-derived component, while at the same time enhanc-
ing the ignition quality and other characteristics of the fuel.
The materials that were examined include fatty acid ethyl es-
ters and diethylamides, along with the corresponding primary
and tertiary fatty amines, fatty alcohols and their acetate es-
ters.

EXPERIMENTAL PROCEDURES

Most of the components that were used in this study (fatty
acid methyl and ethyl esters, fatty alcohols and primary fatty
amines) were obtained from Fluka Chemical Co. (Buchs,
Switzerland), and they were used as received; the purity of
most of them was 97% or better, except for oleic acid deriva-
tives, which were of technical grade.

The acetate esters were prepared by treatment of the corre-
sponding fatty alcohols with excess acetic anhydride; after a
reaction time of 24 h at room temperature, the mixtures were
washed with water and 5% aqueous sodium bicarbonate,
dried over anhydrous magnesium sulfate and vacuum-dis-
tilled to furnish the desired materials, whose properties corre-
sponded to those reported in the literature.

The N,N-diethylamides of lauric and palmitic acids were
prepared by dissolving the corresponding acid chlorides (also
obtained from Fluka and distilled prior to use) in toluene, fol-
lowed by gradual addition of 2.2 molar equivalents of diethy-
lamine with continuous stirring and cooling. The mixtures
were stirred at room temperature for 24 h, the precipitated di-
ethylamine hydrochloride was filtered off, the solvent and ex-
cess amine were removed by distillation at atmospheric pres-
sure, and the residue was distilled in vacuo to furnish the de-
sired amides.

The N,N-dimethyl tertiary fatty amines were prepared
from the corresponding primary amines by reductive alkyla-
tion with formaldehyde in the presence of formic acid
(Leuckart—Wailach reaction). As an example, the preparation
of N,N-dimethyl-dodecylamine is described:
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TABLE 1

Base Fuel Properties

Property Method
Density, kg/L (15°C) 0.8543 ASTM D-1298°
Viscosity, ¢St (40°C) 3.4 ASTM D-4457
Sulfur content (wt%) 0.14 IP 336

Pour point (°C) -12 ASTM D-977
Cloud point (°C) ~10 ASTM D-2500°
CEPP (°C) -10 1P 309°

Cetane number 47.7 DIN 51773°¢
Distillation (°C) ASTM D-867
Initial boiling point 174

10% 206

50% 284

90% 356

Final boiling point 382

Water (ppm) 68 ASTM D-1744%
Aromatics (vol%]) 35.5 ASTM D-1319°
Copper corrosion 1A ASTM D-1307

“Reference 10.
bReference 11.
‘Reference 9.

Dodecylamine (111 g, 0.6 moles) was added dropwise with
stirring and cooling to 172 g of 98% formic acid. After the
addition was complete, 120 g of 37% aqueous formaldehyde
was added, and the mixture was heated under reflux until the
evolution of carbon dioxide ceased (ca. 24 h). Concentrated
hydrochloric acid was added to the residue to bind the amine,
and the excess formic acid and water were distilled off; the
residue was treated with 20% aqueous sodium hydroxide until
strongly basic, whereupon two phases were formed. Ether
was then added, the phases were separated, the aqueous phase
was washed with fresh ether, the organic phases were com-
bined, and the ether was distilled off. Vacuum distillation of
the residue furnished the desired amine at 131-135°C/15
mmHg, n 1.4382 [lit. (8) b.p. 110-112°C/3 mmHg, n’
1.4345]. Yield: 84.3 g (66%).

The base fuel that was employed in the relevant tests was
typical of the commercial diesel fuels available in the Athens
area, and its properties are shown in Table 1, along with the
standard methods that were used in their determination.

For CN determinations, the various fatty acid derivatives
were added to the base diesel fuel at a concentration of 5%
by weight. CNs were measured by employing a BASF single-
cylinder CI engine, according to the standard DIN procedure
(9), which is similar to ASTM D-613 (10) and slightly better
in accuracy. All reported CNs are the averages of three deter-
minations and are considered accurate to within £0.5 units;
the CN of the base fuel was measured more than ten times and
is considered accurate to within +0.2 units.

Pour points and cloud points were measured by the rele-
vant ASTM procedures [D-97 and D-2500 (Ref. 10), respec-
tively], whereas the standard method IP 309 (11) was em-
ployed for measurements of the cold filter plugging point
(CFPP).
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RESULTS AND DISCUSSION

The measure that was used to compare the ignition improv-
ing efficiency of the various components that were added to
diesel fuel was the blending cetane number (BCN) (12),
which is defined as:

BCN=[A-(1 -x)Bl/x [1]

where A = the measured CN of the blend; B = the CN of the
base fuel; and x = the concentration of the added component
(weight fraction).

The accuracy of BCN determinations depends both on the
accuracy of the CN determination and on the concentration
of the added component; in our case, with a constant concen-
tration of 5% by weight and an in-house CN repeatability of
about +0.5 units, the BCN accuracy is estimated to be around
+10 units.

To serve as a reference point, the blending CNs of a series
of saturated fatty acid methyl esters were measured; they are
shown in Table 2, along with the reported (13,14) CNs of the
neat esters. There is a fairly good correspondence between
actual and blending CNs, both of them increasing as the alkyl
chain of the fatty acid becomes longer. In a similar vein, Table
3 depicts the blending CNs that were determined for a num-
ber of saturated linear fatty alcohols, along with the reported
(14) CNs of the neat materials; a fairly good correspondence
of the two sets of values can again be observed.

The effects of the addition to diesel fuel of saturated alco-
hols with carbon chainlengths from C, to C 4 are shown
schematically in Figure 1, which shows an almost linear rela-

TABLE 2
Cetane Numbers of Saturated Methy! Esters

Blending Neat cetane number
Ester cetane number Reference 13 Reference 14
Methyl caprylate 46 + 10 33.6 e
Methyl caprate 61+ 10 47.2 47.9
Methyl laurate 70+ 10 61.4 60.8
Methyl myristate 72 +10 66.2 735
Methyl palmitate 80 x 10 74.5 74.3
Methyl stearate 81+ 10 86.9 75.6
TABLE 3
Cetane Numbers of Saturated Alcohols
Alcohol Blending cetane number  Neat cetane number?
1-Hexanol 23+ 10 233
1-Octanol 48 + 10 39.1
1-Decanol 62 £ 10 50.3
1-Dodecanol 67 £ 10 63.6
1-Tetradecanol 90 + 10 80.8
1-Hexadecanol 117 £ 10 —

Values from Reference 14.
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FIG. 1. Blending cetane number of saturated alcohols.

tionship between blending CN and chainlength of normal al-
cohols, in agreement with the behavior that has been reported
for the CN of the neat alcohols (14). The two branched alco-
hols that were also measured, i.e., 2-ethyl-1-butanol (isohexa-
nol) and 2-ethyl-1-hexano! (isooctanol), had a lower blending
CN than their straight-chain isomers, as expected.

All BCN values that were determined for derivatives of
fatty acids from Cg to C,4 are shown in Table 4. Only small
differences were observed between equivalent methyl and
ethyl esters, and even the slightly higher BCN values of the
acetates of fatty alcohols are within the experimental accu-
racy of BCN determinations. The derivatives that are clearly
superior in ignition performance are the fatty amines, particu-
larly the tertiary amines; the tertiary amides occupy an inter-
mediate position between esters and amines. These general
trends of the various derivatives as a function of chainlength
are shown in Figure 2 as shaded areas because of the BCN
uncertainties that were mentioned previously.

Another observation that can be made from the data in
Table 4 is that the presence of a double bond in the fatty acid
chain leads to a lowering of ignition quality; this is shown
more clearly in Figure 3, where BCN of all oleate deriva-
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tives is noticeably lower than that of the corresponding
stearates.

In addition to ignition quality, another important property
of diesel fuel is its flow behavior at low temperatures. Be-
cause the diesel fuel that is produced in many refineries can-
not perform adequately in colder regions or during the winter
months, it is a frequent practice to add cold flow-improving
additives. Given this situation, it is important that any fatty
acid component that is added to diesel fuel should not com-
promise its performance at low temperatures and, if possible,
should improve it.

The common criteria that are used to gauge cold flow per-
formance are the pour point (ASTM D-97), the cloud point
(ASTM D-2500) (10), the CFPP, and the low-temperature
flow test (LTFT). The CFPP, as described in standard method
IP-309, has become increasingly popular in Europe and is fre-
quently the only cold flow performance criterion that is in-
cluded in diesel fuel specifications (15); the situation is dif-
ferent in North America, where LTET (ASTM D-4539) is the
more common cold flow performance test (10).

Pour point and CFPP measurements were taken for 5% so-
lutions in base diesel fuel of the various fatty acid derivatives
that have already been mentioned; the results are shown in
Tables 5 and 6, respectively.

Given the £3°C repeatability of pour point determinations,
most of the added components did not appear to affect the
—12°C pour point of the base fuel to a significant degree. The
major exceptions are the saturated fatty alcohols with C,, and
longer alkyl chains, which increase the pour point substan-
tially; minor negative effects were also observed with some
of the longer-chain esters. It is worth noticing that the pres-
ence of the double bond in all oleate derivatives sharply im-
proves their cold flow behavior in comparison to the corre-
sponding stearates. The only added component that appeared
to marginally decrease the pour point was ethyl laurate. To
check the validity of this observation, a solution of 20% ethyl
laurate in diesel fuel was prepared, and its pour point was
~17°C,; it thus appears that this material behaves as a weak
pour point depressant in diesel fuel.

For CFPP, whose repeatability is +1°C in the region ~1 to
~25°C, the worst performers are again the longer fatty alco-
hols. Some of the esters, particularly the methyl esters above
Cip also degrade the CFPP, whereas smaller negative effects

TABLE 4

Blending Cetane Numbers of Fatty Acid Derivatives

Fatty acid Methyl ester Ethyl ester Diethylamide Alcohol Acetate ester Primary amine  Tertiary amine
(RCOOH) (RCOOMe) (RCOOEY) (RCONEt,) (RCH,OH)  (RCH,OCOCH,) (RCH,NH,) (RCH,NMe,)
Cy:0 (caprylic) 46 50 — 48 48 156 177
C,0:0 (capric) 61 64 — 62 62 175 195
C,,:0 (lauric) 70 73 147 67 77 190 217

C, 4:0 {myristic} 72 75 — 90 81 196 233
C,4:0 (palmitic) 80 80 179 117 86 211 245

C, 5:0 (stearic} 81 86 — insoluble 90 215 247
1 (Oleic) 71 72 — 65 78 162 181
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FIG. 2. Blending cetane number of fatty acid derivatives as a function
of chainlength; Tert., tertiary; Prim, primary.
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FIG. 3. Comparison of blending cetane number of oleic and stearic acid
derivatives. See Figure 2 for abbreviations.

TABLE 5

Pour Points of Fatty Acid Derivatives (5% concentration in diesel fuel)

Fatty acid Methyl ester Ethyl ester Diethylamide Alcohol Acetate ester Primary amine  Tertiary amine
(RCOOH) (RCOOMe) (RCOOEY (RCONEt,) (RCH,OH)  (RCH,0COCH,)  (RCH,NH,) (RCH,NMe,)
Cq:0 (caprylic) -10 -12 e -12 -12 -12 -12
C,4:0 {capric) -10 -12 — -12 -12 -12 -12
C;:0 (lauric) -10 -14 ~12 +2 -12 -12 -12
C,4:0 {myristic) -9 -10 — +14 -12 -12 =12
C,4:0 (palmitic) -9 -8 -12 +16 -10 -12 -12
C,4:0 (stearic) -9 -6 p— insoluble -8 -9 -12
Cigl (oleic) -12 -12 . -12 -12 -12 -12
TABLE 6

Cold Filter Plugging Point of Fatty Acid Derivatives (5% concentration in diesel fuel)

Fatty acid Methyl ester Ethyl ester Diethylamide Alcohol Acetate ester Primary amine  Tertiary amine
(RCOOH) (RCOOMe) (RCOOEY) (RCONE,) (RCH,OH) (RCHZOCOCH3) (RCHZNHZ) {RCH, NMez)
Cy:0 (caprylic) -8 -10 e -10 -10 -9 -11
Cm.‘O (capric) -9 -10 s -10 -10 ~9 =10
CIZ:O (lauric) -5 -9 ~10 +2 -10 -8 -12
C,4:0 {myristic) 0 -8 o +16 -10 -7 -10
C14:0 {palmitic) +6 -8 -10 +20 -8 -6 -10
C,4:0 (stearic) +7 -4 — insoluble -6 -6 -9
Cyg1 (Oleic) -10 11 — -10 -10 -9 11

are observed with the longer primary amines. On the contrary,
the tertiary amines and amides, along with all the oleic acid
derivatives, do not appear to affect the CFPP of the fuel.
When both ignition quality and cold flow behavior are
taken into account, the tertiary dimethylamines are the best
performers; however, the tertiary amides also appear to be in-
teresting prospects, in that their preparation from the glyc-
erides of natural vegetable oils may be much simpler than that
of the amines, as some recent studies have shown. An impor-
tant question that has to be answered regarding these nitro-
gen-containing derivatives, however, is whether they affect
exhaust emissions and particularly nitrogen oxides (NO,). We
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have initiated a series of exhaust measurements from various
diesel engines to answer this question, and preliminary results
do not show an increase in exhaust NO,; this may be due to
the fact that an increase in the CN of the fuel lowers NO,
emissions (16,17). Detailed results from these experiments
will be reported in a separate communication.
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