
ABSTRACT: Simple alkyl FA esters have numerous uses, in-
cluding serving as biodiesel, a fuel for compression ignition
(diesel) engines. The use of acid-catalyzed esterification for the
synthesis of FAME from acid oil, a by-product of edible vegetable
oil refining that is produced from soapstock, was investigated.
Soybean acid oil contained 59.3 wt% FFA, 28.0 wt% TAG, 4.4
wt% DAG, and less than 1% MAG. Maximum esterification oc-
curred at 65°C and 26 h reaction at a molar ratio of total
FA/methanol/sulfuric acid of 1:15:1.5. Residual unreacted
species under these conditions, as a fraction of their content in
unesterified acid oil, were FFA, 6.6%; TAG, 5.8%; and DAG,
2.6%. This corresponds to estimated concentrations of FFA,
3.2%; TAG, 1.3%; and DAG, 0.2%, on a mass basis, in the ester
product. In an alternative approach, the acylglycerol species in
soapstock were saponified prior to acidulation. High-acid (HA)
acid oil made from this saponified soapstock had an FFA con-
tent of 96.2 wt% and no detectable TAG, DAG, or MAG. Opti-
mal esterification conditions for HA acid oil at 65°C were a mole
ratio of FFA/methanol/acid of 1:1.8:0.17, and 14 h incubation.
FAME recovery under these conditions was 89% of theoretical,
and the residual unesterified FFA content was approximately 20
mg/g. This was reduced to 3.5 mg/g, below the maximum FFA
level allowed for biodiesel, by washing with NaCl, NaHCO3,
and Ca(OH)2 solutions. Alternatively, by subjecting the un-
washed ester layer to a second esterification, the FFA level was
reduced to less than 2 mg/g. The acid value of this material ex-
ceeded the maximum allowed for biodiesel, but was reduced to
an acceptable value by a brief wash with 0.5 N NaOH. 
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Within the past three decades, interest in reducing air pollu-
tion and in developing domestic energy sources has triggered
research in many countries toward developing nonpetroleum
fuels for internal combustion engines. For compression igni-
tion (diesel) engines, it has been shown that the simple alco-
hol esters of FA (biodiesel) are acceptable alternative diesel
fuels. Biodiesel has a higher oxygen content than petroleum
diesel, and therefore reduces emissions of particulate matter,
hydrocarbons, and carbon monoxide while also reducing sul-
fur emissions due to a low sulfur content (1,2). Because
biodiesel is made from agricultural materials, which are pro-

duced via photosynthetic carbon fixation, its combustion does
not contribute to net atmospheric carbon dioxide levels.

Initial efforts at producing, testing, and using biodiesel
employed refined edible vegetable oils and animal fats as
feedstocks for fuel synthesis. Simple alkali-catalyzed transes-
terification technology (3) is efficient at esterifying the acyl-
glycerol-linked FA of such feedstocks and is employed in
making these fuels. More recently, methods have been devel-
oped to produce FAME from cheaper, less refined lipid feed-
stocks such as spent restaurant grease. In addition to acylglyc-
erols, these can contain substantial levels of FFA and other
nonglyceride materials (4–6). Biodiesel synthesis from these
feedstocks can be accomplished by alkaline catalysis. In this
case, an excess of alkali is required, because the FFA, which
are not esterified by this method, are converted to their alkali
salts. These can cause difficulties during product washing due
to their ready action as emulsifiers. Ultimately, they are re-
moved and discarded. This approach thus involves a loss of
potential product, it increases catalyst expenses, and it can en-
tail a disposal cost. Alternatively, a multistep process involv-
ing acid-catalyzed esterification of the FFA and alkali-
catalyzed transesterification of glyceride-linked FA can be
employed to achieve more efficient conversion of heteroge-
nous feedstocks (7). This method can require multiple acid-
catalyzed esterification steps to reduce the concentration of
FFA to acceptably low levels.

In addition to waste greases, other lipid-rich materials of
relatively low value are potential sources of biodiesel. Among
these is soapstock (SS), a coproduct of the refining of edible
vegetable oils. SS is an alkaline emulsion composed largely
of water, acylglycerols, phosphoacylglycerols, and FFA. It is
generated at a rate of about 6% of the input of unrefined oil
entering a refining operation, amounting to approximately
100 million lb (45 million kg) annually in the United States
(Flider, F., personal communication). Although there are
some industrial uses for SS, demand fluctuates and the eco-
nomic return to the producer is not high, leading to interest in
developing new uses for this material.

We previously reported methods for producing FAME
from soybean SS (8) and established that the performance and
emissions properties of the resulting fuel were comparable to
those of commercial biodiesel from refined soybean oil (9).
This method for FAME synthesis employs sequential alkali-
catalyzed saponification, water removal, and acid-catalyzed
esterification to produce esters from both the lipid-linked and
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the FFA of SS. The method achieves the efficient production
of high-purity biodiesel, but substantial amounts of solid
sodium sulfate are generated as a by-product. Disposal of this
waste material could be cumbersome and expensive. There-
fore, further development of routes for the production of
FAME from SS and similar complex lipid mixtures is needed.

Typical industrial processing of SS often involves an opera-
tion termed acidulation, wherein sulfuric acid and steam are
employed to achieve partial acid hydrolysis and/or removal of
the acyl- and phosphoacylglycerol ester bonds of the starting
material. The acidic conditions also protonate the FA salts pres-
ent, greatly reducing their emulsifying properties. The heavy
emulsion typical of SS is thereupon destroyed, resulting in
spontaneous separation of two phases, an aqueous and an oil
layer. The latter contains FFA, acylglycerols, pigments, and
other lipophilic materials, and is termed acid oil. It is used as
an animal feed ingredient and as a source of industrial FA. Be-
cause acid oil is a readily available item of commerce selling
for approximately half the price of refined vegetable oil, we
have explored its use as a feedstock for biodiesel production.

EXPERIMENTAL PROCEDURES

Chemicals. Triolein, 1,3-diolein, 1-monoolein, and FFA for
use as reference standards in HPLC were obtained from Sigma
(St. Louis, MO). Palmitic, stearic, oleic, linoleic, and linolenic
acids mixed in amounts proportional to their mass abundance
in soybean oil (10) served as the FFA standard. A mixture of
FAME, whose composition reflected the FA content of soy oil
(RM-1), was the product of Matreya, Inc. (Pleasant Gap, PA).
Organic solvents were B&J Brand™ High Purity Grade (Bur-
dick & Jackson, Inc., Muskegon, MI). Sulfuric acid (96.3%)
was the product of Mallinckrodt Baker (Paris, KY). t-Butyl
methyl ether (99+%, A.C.S. reagent grade) was from Aldrich
(Milwaukee, WI). Hydrated lime, Ca(OH)2, was obtained
from Mississippi Lime Co. (Alton, IL).

Soybean acid oil was produced by standard industrial
acidulation methods: Concentrated sulfuric acid was added
through inlet valves at the bottom of a tank of SS (25,000 gal,
95,000 L), accompanied by the injection of steam, until the
pH reached 2. Steam injection was continued for another 2 h,
then discontinued, and the resulting phases were allowed to
separate by standing. The resulting clear, dark, upper liquid
layer (acid oil) was recovered. To produce  high-acid (HA)
acid oil, the acyl- and phosphoacyl-FA glyceride ester bonds
of SS were alkali-hydrolyzed prior to acidulation: Solid
NaOH (approx. 800 lb, 364 kg) was added in 50-lb (23-kg)
portions to raise the pH of approximately 1100 gal (4170 L)
of SS to 11.6. Steam was injected during this process for a
total of 2.5 h. The mixture was then acidulated as described
above for SS, with the modification that the process was con-
ducted at pH 1.6.

Optimization of esterification. Sulfuric acid-catalyzed
methylation of the FFA in acid oil and HA acid oil was con-
ducted in vigorously shaken glass screw-capped containers at
65°C. The esterification of acid oil was conducted in bottles

(4.5 × 4.5 × 15 cm) and that of HA acid oil in tubes (2 cm
diam. × 180 mm i.d.). A Central Composite Response Sur-
face design (11) was employed to coordinately investigate the
effects and interactions of methanol and sulfuric acid concen-
trations, and reaction time, on the efficiency of esterification
of the free and lipid-linked FA. For HA acid oil, this pattern
was augmented with reactions chosen on the basis of a
Box–Behnken design (11) to gain further information about
the effect of the variables under study on the degree of esteri-
fication. Preliminary studies (data not shown) were conducted
to focus the statistically designed work in the region of vari-
able space giving the highest ester conversions. Reactions
contained 5.00 g of lipid substrate. In the esterification of acid
oil, the amounts of methanol tested were 3.0, 4.8, 7.5, 10.2,
and 12.0 mL; the amounts of sulfuric acid were 0.03, 0.25,
0.5, 0.80, and 1.0 mL; and reaction times were 15, 18, 22.5,
27, and 30 h. For the esterification of HA acid oil, the
amounts of methanol were 0.71, 0.85, 1.07, 1.28, and 1.42
mL; the amounts of sulfuric acid were 0.1, 0.12, 0.15, 0.18,
and 0.2 mL; and reaction times were 5, 8, 12.5, 17, and 20 h.
Following reaction, amounts of unreacted FFA and acylglyc-
erols were quantitated by HPLC, and are expressed as a
percentage of their amounts in acid oil or HA acid oil prior to
esterification.

To confirm the identification of reaction conditions opti-
mal for the production of FAME from HA acid oil, we con-
ducted reactions at these conditions using 20.0 g of HA acid
oil. The yield of FAME and content of unreacted lipid in the
resulting product were determined.

Residual unesterified FFA were removed from the ester
product resulting from a single esterfication of HA acid oil by
gentle washing (McCormick, R., personal communication)
with (i) two sequential 28 vol% batches of 5% (wt/vol) NaCl
in tap water, (ii) 20 vol% of 11% (wt/vol) NaHCO3 in tap
water, and (iii) 20 vol% of 4.5 M Ca(OH)2 in tap water. After
each wash the ester layer was recovered by centrifugation (20
min, 4600 × g). 

Analytical methods. Acid value was determined according
to an AOCS Official Method (12) following the protocol for
colored samples and using NaOH rather than KOH as titrant. 

Levels of FFA, acylglycerols, and FAME were determined
by HPLC using an IB-Sil 5-m CN-BD cyanopropyl-silica col-
umn (250 × 4.6 mm; Phenomenex, Torrance, CA) essentially
as described (13). Peaks were eluted by a gradient of t-butyl
methyl ether in hexane/0.4% (vol/vol) acetic acid, detected
by ELSD, and quantitated by reference to response curves
generated with standards. For the esterifications conducted
here, containing roughly 5000 mg of substrate, the minimum
detectable levels of TAG, DAG, and MAG were 15–20 mg
for each species. Most analytes of interest were detected and
quantitated using an HPLC method in which the three eluting
liquids were mixed from individual reservoir bottles just prior
to entering the column. Retention times (min) were FAME,
4.3–5.0; TAG, 11.0–12.0; FFA, 12.0–12.8; DAG and phytos-
terols, 15.5–16.3; and MAG, 27.4–28.0. This method gave
baseline separation for all species except DAG and phytos-
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terols, which coeluted. To quantify DAG, the glacial acetic
acid component was added to 0.4% (vol/vol) to the ether and
hexane components before addition to the solvent reservoir
bottles. With this solvent system, retention times (min) were
FAME, 4.3–5.0; FFA, 5.0–5.2; TAG, 6.7–7.2; phytosterol,
13.8; DAG, 15.0; MAG, 28.8. This method could not be used
for all analyses because the differences between the mobili-
ties of FFA and FAME were insufficient to resolve small
amounts of the former in the presence of the large amounts of
the latter that were present following successful esterification. 

With multiple potential reactants (TAG, DAG, etc.) being
present, determination of the degree of esterification of each
of these species, rather than simple measurement of the
amount of ester produced, was judged to be the most infor-
mative manner of stating the efficiency of any set of reaction
conditions in converting each of the FA-bearing species in
acid oil into methyl esters. Thus, the amount of each lipid
species remaining unreacted following an esterification reac-
tion was quantitated, with results expressed as the amount of
remaining unreacted species, as a percentage of that origi-
nally present. A low residual level of unreacted material indi-
cates efficient esterification. The esterification efficiency for
any species, expressed as the percentage of material con-
verted to ester, would be [100 − amount, as a percentage of
that originally present, of that species that remained unreacted
after esterification reaction].

HPLC/MS-EI. During esterification under optimal reaction
conditions, the FFA content was reduced so greatly that an
unidentified minor constituent that coeluted with FFA in
cyanopropyl-silica HPLC substantially interfered with the
measurement of FFA. To quantitate FFA in such ester prepa-
rations, LC was performed with a Waters HPLC 2690 Sepa-
ration Module (Waters Co., Milford, MA) connected in series
to a Waters Thermabeam Mass Detector (Integrity System).
The HPLC portion used a Luna 3-µm C8 column (2 × 100
mm) (Phenomenex, Torrance, CA). Gradient elution, at a flow
rate of 0.25 mL/min, was as follows (all concentrations ex-
pressed as vol%): water 40%/formic acid 0.1%/acetonitrile
59.9% held for 5 min, raised to formic acid 0.1%/acetonitrile
99.9% at 30 min by a linear acetonitrile gradient and held for
10 min, then brought to water 40%/formic acid 0.1%/acetoni-
trile 59.9% over 5 min and held for 10 min. The MS–EI de-
tector was set to scan in the mass range of m/z 50–600 at 1
scan/s with an ionization energy of 70 eV. Ionization source
temperature was 200°C, nebulizer temperature was 63°C, and
expansion region temperature was 75°C. The mass of mater-
ial detected was determined by reference to a linoleic acid
standard.

RESULTS AND DISCUSSION

Production of FAME from acid oil. Acid oil is an established
item of commerce and a potentially attractive source of FA
for biodiesel synthesis. Because alkaline transesterification is
ineffective at esterifying FFA, it is by itself an inappropriate
method for the high-efficiency production of FAME from

acid oil and other high-FFA feedstocks. Both free- and acyl-
glycerol-linked FA are esterified under acidic conditions,
though the latter react much more slowly than during alkaline
transesterification (3). We therefore investigated the utility 
of acid catalysis in the synthesis of FAME from acid oil,
which contains both FFA and acylglycerols. As received, 
acid oil contained (by wt) FFA, 59.3%; TAG, 28.0%; DAG,
4.4%; and MAG, less than 1%. Statistical design methods
were employed to determine the effects of the methanol and
sulfuric acid concentrations and of length of incubation at
65°C on the degree of esterification of the free- and glyceride-
linked FA in acid oil. Reaction times were limited to a maxi-
mum of 24–26 h because this was felt to be the longest dura-
tion suited to an industrial operation. Equations 1–3 present
the equations of the best-fit second-order response surfaces
describing the relationships between the reaction variables
examined and the percentages of remaining unesterified 
FFA, TAG, and DAG. MAG were not detected following es-
terification.

FFA = 40.80 − 2.98 M − 4.35 A − 1.88 T + 0.16 MA

+ 0.06 AT + 0.18 M 2 + 0.48 A2 + 0.04 T 2 [1]

TAG = 193.3 − 11.25 M − 134.2 A − 7.00 T + 7.73 MA

+ 0.03 MT + 0.87 AT + 0.27 M2 + 30.06 A2 + 0.12 T 2[2]

DAG = 209.7 − 18.43 M − 107.9 A − 6.8 T + 7.46 MA

+ 0.13 MT + 0.69 AT + 0.56 M2 + 14.33 A2 + 0.10 T 2 [3]

where all acylglycerol terms are expressed as wt% of their
mass in the unreacted starting material and where M =
methanol (mL/5.00 g input acid oil); A = sulfuric acid
(mL/5.00 g input acid oil); T = incubation time (h). The R 2

values for these equations were 0.91–0.92, indicating accept-
able fits to the experimental data. 

Figure 1 shows the dependence of the amounts of residual
unesterified FFA, DAG, and TAG on reaction conditions in
the esterification of acid oil, derived from Equations 1–3. The
data in Figure 1 correspond to a reaction time of 26 h, chosen
as a probable maximum practical limit for a reaction of this
type on an industrial scale. Seven to 8 mL of methanol/5.00 g
acid oil was indicated as giving optimal FFA esterification,
with higher residual FFA levels above and below this amount
(Fig. 1A). Unreacted FFA levels were lower at the higher sul-
furic acid concentrations used (Fig. 1A). A similar optimal
methanol level existed for DAG esterification, and was also
achieved at the higher sulfuric acid levels used (Fig. 1B).
Residual DAG increased noticeably at low methanol concen-
trations, particularly when accompanied by low sulfuric acid
levels (Fig. 1B). For TAG (Fig. 1C), the lowest residual lev-
els were seen in reactions containing the maximum amounts
of methanol tested (12 mL/5.00 g acid oil) and between
0.3–0.5 mL of sulfuric acid. Higher amounts of sulfuric acid
(1 mL) reduced the amount of methanol at maximum TAG
transesterification to 7.5 mL (Fig. 1C).
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By combined analysis of Equations 1–3, the reaction con-
ditions 5.00 g acid oil, 7.5 mL methanol, and 1.0 mL sulfuric
acid were identified as those giving the minimum combined
amount of unreacted acylglycerols and FFA in a 26 h reaction
at 65°C. This corresponds to a mole ratio of total FA/
methanol/acid of 1:15:1.5. The predicted residual amounts of
FFA, TAG, and DAG under these conditions were 6.6, 5.8,
and 2.6% of input, respectively. Based on the initial amounts
of these materials, this corresponds to concentrations of 3.2,
1.3, and 0.2% (wt basis), respectively, for FFA, TAG, and
DAG in the ester product. Relatively long reaction times were
required to achieve these levels of unreacted species, and re-
action rates were low at the longer incubation times. For ex-
ample, after 15 h of incubation at optimal conditions, the
amount of remaining DAG was about 15% of input (corre-
sponding to a concentration of 1%, mass basis). A further 5 h
incubation reduced this value by only one-half. Similar low
esterification rates were seen for FFA and TAG at the longer
incubation times. This requirement for relatively long incu-
bations is most likely because (i) sulfuric acid is a poor cata-
lyst for the transesterification of acylglycerols (3), and (ii) the
process was inhibited by accumulated water released during
the esterification of FFA. The requirement for relatively long
incubations suggests that this method would be of little value
industrially.

Production of FAME from HA acid oil. Despite the use of
a 15-fold molar excess of methanol and relatively long incu-
bations, acid-catalyzed esterification was unable to com-
pletely eliminate the TAG and DAG in acid oil (above). As
an alternative approach, we investigated the possibility that,
by completely hydrolyzing the acylglycerols of SS prior to
acidulation, an acid oil readily and completely esterified by
acid-catalysis could be prepared.

Injection of steam at pH values exceeding 11 quickly and
completely saponified SS (data not shown). Acidulation of
the resulting material produced an acid oil with an FFA con-
tent of 96.2 wt% and no detectable TAG, DAG, or MAG. This
resulting HA acid oil was readily esterified by acid catalysis.
Through statistical design methods, the relationships between
the degree of esterification, the composition of the reaction
mixture, and the length of incubation at 65°C were deter-
mined. The best-fit second-order response surface to describe
the results is given by Equation 4 (terms are as defined above
for Eqs. 1–3): 

FFA = 37.88 − 38.01 M − 62.69 A − 0.42 T + 15.35 MA + 0.10 MT

+ 0.72 AT + 12.99 M2 + 96.22 A2 + 0.01 T 2 [4]

This equation fit the experimental data well: R2 = 0.96. It can
be used to predict that the earliest minimum in remaining un-
reacted FFA occurs at approximately 12.5 h of reaction. A
plot of the relationship of methanol and sulfuric acid concen-
trations to the level of FFA remaining after 12.5 h esterifica-
tion, derived from Equation 4, is shown in Figure 2. This re-
sponse surface indicates the large impact of changes in
methanol concentration, and the smaller role of variations in
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FIG. 1. Predicted response surfaces, calculated from Equations 1–3, for
the reduction in substrate lipids during the acid-catalyzed methyl ester-
ification of 5.00 g soybean acid oil for 26 h at 65°C, as a function of
the amounts of methanol and sulfuric acid. Extents of esterification are
expressed as the percentages of unesterified species remaining relative
to their content in unreacted acid oil. (A) FFA, (B) DAG, (C) TAG.



sulfuric acid concentration, in achieving high-level esterifica-
tion. The esterification of HA acid oil was initially rapid, with
FFA levels quickly falling to less than 10% of original (data
not shown). Further reduction proceeded slowly, requiring
more than 5 h incubation to reach a minimum. Nonetheless,
the length of reaction was substantially shorter than the 26 h
required to achieve the same degree of esterification with reg-
ular acid oil (above).

A canonical analysis of Equation 4 identified 5.00 g HA
acid oil, 1.31 mL methanol, 0.17 mL sulfuric acid, and a re-
action time of 14 h at 65°C as the reaction conditions pre-
dicted to yield the highest degree of FFA esterification. This
represents a molar reactants ratio of FFA/methanol/sulfuric
acid of 1:1.8:0.17, superior to the 1:15:1.5 ratio required
(above) for the esterification of conventional acid oil. The
predicted unreacted FFA level was approximately 5% of input
(corresponding to a concentration of approximately 5 wt%,
or 50 mg FFA/g). When 20 g of HA acid oil were incubated
under these conditions, the yield of FAME was 89% of theo-
retical. The FFA content of the FAME product was deter-
mined by HPLC to be 17 mg/g FAME. This is in acceptable
agreement with the approximately 50 mg/g predicted by
Equation 4. The FAME product lacked detectable TAG,
DAG, and MAG. Phytosterols, water, and unidentified mate-
rials made up the remaining matter. 

The level of remaining unreacted FFA and acylglycerol is
of interest in the context of the use of FAME preparations as
engine fuels because these materials affect engine perfor-
mance and fuel storage stability. For this reason, maximum
acceptable levels of these have been established. The Stan-
dard Specification for Biodiesel Fuel (14) expresses the max-
imum FFA level in terms of acid number, with a maximum
permissible acid number of 0.80 mg KOH/g of biodiesel.
(This corresponds to a maximum allowable acid number of
0.57 mg/g when using NaOH as titrant, as was done here.)

Assuming 1:1 stoichiometry in the neutralization of FFA by
KOH, this corresponds to an FFA content of 3.91 mg FFA/g
soy-derived FAME.

The ester preparation synthesized here from HA acid oil
under optimum reaction conditions, containing 17 mg FFA/g,
exceeded the maximum allowed FFA levels. A simple proto-
col involving sequential washing with aqueous solutions of
NaCl, NaHCO3, and Ca(OH)2 was implemented to convert
the FFA to their calcium salts, which were removed with the
aqueous phase of the wash. The resultant washed FAME had
3.5 mg/g FFA, less than the maximum allowed by the acid
value specification for biodiesel. The amount of potential
FAME lost by such removal (approximately 5% of input) may
be acceptable in an industrial-scale esterification operation.
In addition, FAME produced from HA acid oil lacked TAG,
DAG, and MAG, substances also subject to maximum toler-
ance specifications in biodiesel (14). The washing protocol
has not been optimized; a considerably simpler process might
also suffice to reduce the FFA levels in the ester product. 

As an alternative to the use of multiple washing steps to
remove unreacted FFA from the FAME product, a second es-
terification reaction was investigated. Water, produced during
esterification, is known to inhibit further reaction. After the
initial esterification of HA acid oil under optimal reaction
conditions, the sample was centrifuged (6000 × g). The re-
sulting lower and middle layers, which were water soluble
and constituted 15% of the total volume, were removed. The
remaining (upper) layer was again subjected to esterification
under the optimal conditions for HA acid oil. The product was
centrifuged and the water-soluble lower and middle layers re-
moved. Analysis of the resulting FAME by HPLC/MS–EI in-
dicated a maximum FFA content of 0.4 mg/g sample, substan-
tially less than the 3.91 mg/g allowed based on the acid value
specifications for biodiesel (14). The acid value of this mater-
ial was 2.2, exceeding the 0.57 value (NaOH titrant) allowed
for biodiesel. This could be due to the presence in the FAME
of trace amounts of the sulfuric acid esterification catalyst.
By washing for 1 h with one volume of 0.5 N NaOH, the acid
value (NaOH) was reduced to 0.36, an acceptable value. Nei-
ther the conditions of the second esterification reaction nor of
the subsequent NaOH wash were fully optimized. It is possi-
ble that an acceptable FFA level could be achieved with sub-
stantially smaller amounts of acid and alcohol, and/or with an
optimized wash protocol.

HA acid oil is superior to regular acid oil as a feedstock
for FAME production because its optimal esterification re-
quires only approximately one-eighth the amount of alcohol
and one-ninth the amount of acid, and yields a product ac-
ceptably low in FFA and lacking residual acylglycerols. 

The approach of saponifying SS to free all glyceride-
bound FA for subsequent esterification was also taken in our
previous method for FAME synthesis from this feedstock (8).
The present method is superior to that procedure in that it
does not require an expensive, time-consuming drying of the
SS, and does not produce a solid sodium sulfate waste stream.
Sodium sulfate is produced in the current method during
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FIG. 2. Response surface, predicted unreacted FFA following the esteri-
fication of 5.00 g soybean high-acid acid oil at 65°C and 12.5 h, as a
function of the inputs of methanol and sulfuric acid. Calculated from
Equation 4.



acidulation of the saponified SS. However, it dissolves read-
ily in the water phase formed during acidulation, and is re-
moved with that phase. Additional attractive features of the
method described here are that it can be conducted at ambient
pressure and at relatively low temperatures. (In an industrial
setting, conducting the reaction at the boiling point, with re-
flux condensation and recovery of methanol, may be advanta-
geous from an engineering standpoint. This should not com-
promise the speed and efficiency of the process or the quality
of the product.) The method described here may also be ef-
fective for the production of FAME from other high-FFA
feedstocks.
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