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ABSTRACT

Fatty acid methyl ester (FAME) preparation is an important step to determine fatty acid composition of oils and fats.
Transesterification with boron trifluoride (BF;) in methanol has been widely used; however, the transesterification of
triacylglycerols usually involves a long heating time, whereas much shorter reaction times may be sufficient when mi-
crowave irradiation is used. The purpose of this paper was to optimize FAME preparation with BF; by microwave irra-
diation. A three-factor central composite routable (CCRD) design was used to study the effect of the heating time (A),
irradiation power (B), and volume of sodium hydroxide (C) on FAME concentration. A second-order polynomial model
was employed to generate a surface response. Optimum conditions obtained for FAME preparation were time of 60 s,
irradiation power of 220 W, and base volume of 1.5 mL. Compared to conventional methods, the advantages of this

method are the quick result and the accuracy.
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1. Introduction

In the last decades, many of the functions of lipids in hu-
man metabolism have been elucidated, affording a better
understanding of their relationships to health and disease.
As a result, much emphasis has been placed on the in-
crease in the intake of n — 3 fatty acids and the decrease
in the intake of saturated fatty acids [1] and trans fatty
acids. This has also led to a growing concern about the
intake of lipids, and consequently, about the fatty acid
composition of foods.

Chromatographic techniques, especially gas chromatog-
raphy (GC) and high performance liquid chromatography
(HPLC), have been widely used for the analysis of food
lipids. In the analysis of fatty acids, GC plays a unique
role due to its excellent ability to resolve complex mix-
tures that involve both geometric and positional isomers
[2]. Thus, GC allows for obtaining more detailed infor-
mation about the composition of fatty acids. The use of
GC to analyze fatty acids usually involves the prepara-
tion of fatty acid methyl esters (FAME). Transesterifica-
tion makes the fatty acid more volatile, a condition that is
necessary in many determinations, due to the limit tem-
perature to which the column stationary phase can be
subjected to [3].
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In routine analysis, time is critical, and gas chroma-
tographic methods are usually time consuming; thus, the
introduction of improvements in each step of the process
helps to shorten the analysis time. Microwave irradiation
has proven to be faster than thermal heating for the syn-
thesis of methyl esters from triglycerides in the presence
of heterogeneous catalysts [4].

Derivatization of fatty acids generally falls into two
categories: acid and base catalysis. The reagents most com-
monly used in the transesterification of acylglycerols by
basic catalysis are sodium (NaOH) or potassium (KOH)
hydroxide in methanol and sodium methoxide (NaOCH3;)
in methanol. Transesterification with these reagents may
be carried out at room temperature in a very short time.
However, a disadvantage is that they do not convert free
fatty acids to FAME, which limits their application to
highly acid oils. Moreover, use of sodium or potassium
hydroxide in methanol has a potential risk of saponifica-
tion during transesterification. On the other hand, the pri-
mary advantage of acid catalysis is the general applica-
bility, with both bound and free fatty acids (FFA) being
converted concurrently to FAME. Among the various
acid-catalyzed reagents (such as methanolic hydrochloric
acid, sulfuric acid in methanol, and acetyl chloride in
methanol), boron trifluoride in methanol has had wide
application as a good reagent to convert both the acyl-
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glycerols and the FFA into methyl esters [5].

The Lewis acid, boron trifluoride, in the form of its
coordination complex with methanol, is a powerful acidic
catalyst for the transesterification of fatty acids. In the
method proposed by Metcalfe and Schmitz [6], esterifi-
cation of free fatty acids was completed in two minutes
with 12% to 14% boron trifluoride in methanol under
reflux. Morrison and Smith [7] determined the optimum
conditions for transesterification of triacylglycerols (TAGs),
sterol esters, monoacylglycerols, diacylglycerols, phos-
phocylglycerols, and sphingolipids. Under the conditions
recommended (heating at 100°C), transesterification oc-
curs within 10 min for phosphocylglycerols and within
30 min for triacylglycerols.

The popularity of FAME preparation reaction with
boron trifluoride in methanol is due, in part, to its accep-
tance by the American Oils Chemists’ Society [8], Asso-
ciation of Official Analytical Chemists [9], and Interna-
tional Union of Pure and Applied Chemistry [10]. How-
ever, boron trifluoride in methanol has a few disadvan-
tages. The reagent is expensive and has a limited shelf
life if not refrigerated. Moreover, its use may result in the
production of artifacts or loss of polyunsaturated fatty
acids. Fulk and Shorb [11] showed that the reaction time
affects the formation of artifacts. Thus, reaction time
must be reduced to avoid the formation of artifacts.
Much shorter reaction times have been shown to suffice
if conventional heating is replaced by microwave irradia-
tion [12].

Microwave heating involves direct absorption of en-
ergy by functional groups that have a dipole rotation ef-
fect or ionic conduction and its release to the surrounding
solution, leading to a rapid rise in temperature. Dipole
rotation is an interaction in which polar molecules try to
align themselves with the rapidly changing electric field
of the microwave. The second way to transfer energy is
ionic conduction, which results if there are free ions or
ionic species present in the substance being heated.

The results of one-factor-at-a-time experiments do not
reflect actual changes in the environment, as they ignore
interactions between factors that are present simultane-
ously. When many factors and interactions affect desired
responses, response surface methodology (RSM) is an
effective optimization tool. Its use provides the relevant
information in the shortest time with the least number of
experiments. In addition to analyzing the effects of the
independent variables, this experimental methodology gen-
erates a mathematical model which describes the chemi-
cal processes [13]. The central composite routable design
(CCRD) is one of the most useful and desirable designs
for fitting second order models. The design is considered
routable because the variance of the predicted response Y
is the same at all points X that are at the same distance
from the design center. This means that the variance of
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predicted response is constant on concentric circles. A
design with this property does not change the variance of
the predicted response when the design is rotated around
the center point [14]. Therefore, association of CCRD
with RSM is very effective for reducing the number of
combinations required without compromising the validity
of the results in studies containing a large number of in-
dependent variables.

There is very limited literature examining the use of mi-
crowave energy for driving fatty acid transesterification
reactions [15]. Thus, in this paper, the FAME preparation
method proposed by Joseph and Ackman [16], which
uses heating in a water bath, was modified for micro-
wave heating. Optimization of the reaction conditions
was made by CCRD and RSM, which evaluated the in-
fluence of heating time, irradiation power, and base
volume, with the objective of obtaining the best conditions
for this modification.

2. Materialsand Methods
2.1. Materials

Refined soybean oil was purchased from a local super-
market. Tricosanoic acid methyl ester (99%), linoleic
acid (99%), tripalmitin (99%), triestarin (99%), trili-
nolein (98%), and a FAME standard mixture (189-19)
were purchased from Sigma (USA). All other chemicals
used in the study were analytical grade. A microwave
oven with an adjustable power level was used for mi-
crowave irradiation.

2.2. Transesterification

Soybean oil (25 £ 0.1 mg) was weighed in a test tube
with a screw cap. Then, 250 pL of a 10 mg'mL™" solution
of linoleic acid in chloroform was added, in order to ob-
tain a final concentration of approximately 10% of free
fatty acids in the sample. The solvent was evaporated
under nitrogen flow. Next, 1.5 mL of a 0.50 mol-L ™" so-
lution of NaOH in methanol was added. The mixture was
heated in a water bath at 100°C for about 5 min and then
cooled to room temperature (25°C). A boron trifluoride
solution (2.0 mL, 12% in methanol) was added, and the
mixture was heated in a water bath at 100°C for 30 min.
The test tube containing the mixture was cooled in run-
ning water to room temperature before adding 1.0 mL of
isooctane. The mixture was vigorously stirred for 30 s.
Saturated sodium-chloride (5.0 mL) was added, and after
phase separation by resting the mixture at —5°C, the up-
per phase containing the methyl esters was collected and
stored in a freezer (—18°C) for subsequent chromatographic
analysis.

2.3. Experimental Design

In the evaluation of the transesterification method, the
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water bath heating (30 min) was replaced with micro-
wave oven heating. The variables analyzed were time (30
- 70 s), irradiation power (30% - 70%), and base volume
(0.5 - 2.5 mL). The factor of central composite routable
design resulted in 20 tests (Table 1), which were run in
six replicates and randomly to minimize the effect of
unexplained variability on the observed responses due to
extraneous factors.

A quadratic polynomial regression model was assumed
for predicting individual Y variables. The model pro-
posed for response of Y was:

y=ﬂ0+2ﬂiXi+Zﬂiin+Zﬂinin )

where fy, fi, fii, and f; are intercept, linear, quadratic,
and interaction regression coefficient terms, respectively,
and X; and X are independent variables [14], with j # i.
Response surface and contour plot were developed using
the fitted quadratic polynomial equations obtained from
response surface regression analysis.

2.4. Analysisof FAME

The chromatographic analysis was carried out by using a
gas chromatograph CP3380 (Varian, USA) equipped with
a flame ionization detector (FID) and a fused capillary
column CP-Select CB-FAME (100 m x 0.25 mm i.d. and
0.25 pm film thickness, Varian, USA). The column was
heated to 197°C in 18 min and then the temperature was
raised to 235°C at 20°C'min ' and held for 5 min. Injector

and detector temperatures were 225°C and 245°C'min ",
respectively. Samples (2 pL) were injected in triplicate.
The gas flow rates used were 1.4 mL-min ' carrier gas
(H,), 30 mL-min"' make-up gas (N), and 30 and 300
mL-min"' flame gases (H, and synthetic air, respectively).
Sample splitting rate was 1:80. The peak areas were de-
termined with Workstation 5.0 software (Varian, USA).

FAME were identified by comparison of sample FAME
peak relative retention times with those of standards from
Sigma (USA) and by equivalent chain length (ECL) val-
ues determined according to [17], with methyl esters of
16:0, 18:0, and 20:0 acids as reference compounds. ECL
values were calculated for FAME of soybean oil and a
standard mixture 189-19 (Sigma, USA), and were compared
with the literature values [18-20].

Analysis for determination of ECL values was per-
formed by using a gas chromatograph 14A (Shimadzu,
Japan) equipped with a flame ionization detector (FID)
and a fused capillary column Carbowax 20 M (50 m x
0.25 mm i.d., 0.20 m film thickness). The column tem-
perature was maintained constant at 200°C for 60 min.
Injector and detector port temperatures were 220°C and
245°C, respectively. The gas flow rates used were 1.4
mL-min "' carrier gas (H,), 30 mL-min"' make-up gas (Ny),
and 30 and 300 mL-min' flame gases (H, and synthetic
air, respectively). Sample splitting rate was 1:100. Peak
areas were determined with an Integrator-Processor CG-
300 (Instrumentos Cientificos CG). All the determinations
of ECL values were carried out in six replicates.

Table 1. Coded and uncoded variables used for two level, three-factorial central composite rotatable design and response for

FAM Es concentration.

Time (s) Power Volume Time Power Volume Concentration
(%) NaOH (mL) (s) (%) NaOH (mL) FAMEs (mg/g)

-1 -1 -1 30 30 0.50 805

1 -1 -1 70 30 0.50 915
-1 1 -1 30 70 0.50 904

1 1 -1 70 70 0.50 896
-1 -1 1 30 30 2.50 929

1 -1 1 70 30 2.50 965
-1 1 1 30 70 2.50 935

1 1 1 70 70 2.50 963
-1.68 0 0 16 50 1.50 906
+1.68 0 0 80 50 1.50 961
0 -1.68 0 50 20 1.50 909

0 +1.68 0 50 80 1.50 966

0 0 -1.68 50 50 0.00 400

0 0 +1.68 50 50 3.18 942

0 0 0 50 50 1.50 921

0 0 0 50 50 1.50 925

0 0 0 50 50 1.50 930

0 0 0 50 50 1.50 932

0 0 0 50 50 1.50 945

0 0 0 50 50 1.50 936

Copyright © 2012 SciRes.
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2.5. Quantification of FAME

Quantification of FAME from soybean oil was made
against methyl ester of tricosanoic acid (23:0Me) as an
internal standard (IS). In a test tube, 25 + 1 mg of soy-
bean oil was weighted and 500 pL of 1.0 mg-mL™" solu-
tion of methyl tricosanoate in isooctane was added. The
amount of IS added was established to maintain a maxi-
mum ratio of 200:1 between oil weight and IS weight.
After the addition of the internal standard solution, the
solvent was evaporated under nitrogen flow. The concen-
tration of FAME obtained after transterification was cal-
culated with Equation (2), as proposed by Cantellops,
Reid, Eitenmiller, and Long [21]. The results were ex-
pressed in mg of FAME per gram of oil.

(AX ><\AIIS ><(:FX)
(AIS XWX)

)
where Ay is the peak area of FAME, Wi is the weight
(mg) of internal standard (IS) added to the sample (in
mg), CFy is the theoretical correction factor, Wy is the
sample weight (in mg), Ajs the peak area of IS (23:0)
added to the sample (in mg), and Wy is the sample
weight (in mg).

Because unsaturated FAME are subject to autoxidation,
it is not possible to obtain and maintain high purity stan-
dards. Bannon, Craske, and Hilliker [22] have demon-
strated that a theoretical correction factor (CF,) may be
applied for unsaturated FAME after verifying that the
empirical correction factors (ECF,) for saturated FAME
are in accordance with CF, values.

ECF, was determined analyzing data of the 189-19
standard mixture (Sigma, USA) and fish oil in n-heptane,
according to Martin, de Oliveira, Visentainer, Matsushita,
and de Souza [23] and Aguiar ef al. [24].

The limits of detection (LOD) and quantification (LOQ)
were estimated by triplicate analysis of successively di-
luted methyl arachidate standard solution (1.0 mg-mL ™)
considering the signal-noise rate relative to the background
signal as 3 and 10, respectively [25].

Concentration of FAME (mg g ) =

2.6. Recovery Assay

The method accuracy was evaluated by recovery assay.
Initially, the linoleic acid concentration in soybean oil
was determined, and known quantities of linoleic acid
and IS were added to soybean oil. A standard mixture
constituted of tripalmitin (TG 16:0), triestarin (TG 18:0),
trilinolein (TG 18:3n — 3), and linoleic acid dissolved in
chloroform was also prepared in concentrations of 0.310,
0.318, 0.323, and 1.11 mg-mL ", respectively. These tri-
acylglycerols were selected because they are constituents
of soybean oil. Before transesterification, tricosanoic
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acid methyl ester (IS) was added to soybean oil and fol-
lowed by addition of triacylglycerols and a linoleic acid
mixture. Solvent evaporation was carried out under ni-
trogen flow. Recovery assays were performed with three
replicates.

2.7. Statistical Analysis

Factorial design experiments were performed in triplicate
at all points except at the centre point (0, 0, 0) where eight-
een replications were carried. Thus three sets of data were
obtained, that were submitted to analysis of variance
(ANOVA) and did not show significant difference be-
tween them. All experiments were carried out in a ran-
domized order to minimize the effect of unexplained vari-
ability in the observed responses due to extraneous fac-
tors.

The software Statistica [26] was used for the multiple
regression analysis, linear regression analysis, ANOVA,
Student-t test, and factorial design. Significance level of
0.05 was used for all analysis. The software Scilab [27]
was used in the canonical analysis.

3. Results and Discussion

The gas chromatographic method was remarkably stable
and robust in the analysis of all sample FAME. Under the
selected operating conditions, LOD and LOQ were esti-
mated at 0.15 and 0.50 mg-g ', respectively. The CF,
values for the saturated FAME were quite close to the
experimental values. Thus, in the quantification of fatty
acids, the CF, values for saturated and unsaturated fatty
acid methyl esters were used.

With the results from experiments based on central
composite design (Table 1), it was possible to obtain a
highly significant quadratic model (p < 0.01) with a co-
efficient of determination (R?) of 0.952, according to
Equation (3):

y=965.04+21.5A+28.69B
+269.29C+43.12AB+1.95AC 3)
—13.45BC—42.34A% —49.41B* —168.03C”

where A, B, and C are coded variables related to the
heating time, irradiation power, and volume of the so-
dium hydroxide solution, respectively.

The stationary point was determined by deriving the
equation of the proposed model for all variables and
making the derivatives equal to zero. The solution of the
linear system gave the values of 0.471 for time, 0.388 for
power, and 0.789 for the volume of the base solution.
These values, in terms of uncoded variables, correspond
to 59.4 seconds, 59.8% of the microwave oven maximum
power, and 2.3 mL of NaOH solution.

The canonical analysis was conducted to characterize
the stationary point of the response surface, determining
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if it corresponds to a maximum point, minimum point, or
saddle point. The canonical form of the proposed quad-
ratic model is as follows:

y=1081.84—-168.450" —67.40cw; —23.94; )

where ,, @,, and w; are the transformed independent
variables and the coefficients of the variables are the ei-
genvalues. If all eigenvalues are positive, the stationary
point corresponds to a minimum,; if all of them are nega-
tive, the stationary point corresponds to a maximum; and
if they have positive and negative values, it is a saddle
point. Considering that all eigenvalues are negative and
that the stationary point is within the region explored by
the factorial design, it is possible to conclude that the
stationary point corresponds to a maximum [14].

Taking into account the agreement with the method
proposed by Joseph and Ackman [16], we chose to use
the base volume of 1.5 mL. In this condition, the value of
variable C in Equation (3) is zero, and the stationary
point is determined through partial derivatives in relation
to A and B, and by making the derivatives equal to zero.
Solving the linear system obtained, we found the values
of 0.518 for time and 0.516 for power. For the uncoded
variables, the values for time and power were 60.4 s and
60.3% (220 W).

The analysis of the response surface (Figures 1 and 2)
indicates that the stationary point is a maximum. In the
contour plot, each contour represents contour lines with
the same response value in a plane whose coordinates
represent the levels of the independent variables. Thus,
considering the different contour levels, it is possible to
determine the levels of the independent variables in
which the surface height value changes.

Total FAMEs concentration (mg-g™")

Figure 1. Response surface and contour plots for effect of
heating time and irradiation power on FAMEs concentra-
tion.

Copyright © 2012 SciRes.
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Figure 2. Contour plots for effect of heating time and irra-
diation power on FAM Es concentration.

From the canonical analysis of Equation (3), when C is
equal to zero, we obtain the equation:

y=978.01-67.72¢) — 24.03} 5)

which indicates that the maximum concentration of FAME
is 978.01 mg'mL™"' when the base volume is 1.5 mL.
Thus, considering the practicality and agreement with the
method proposed by Joseph and Ackman [16], the se-
lected conditions were time of 60 s, 60% of maximum
power (220 W), and base volume of 1.5 mL.

When Armstrong et al. [15] proposed a method for
preparing FAME from plasma phospholipids, using bo-
ron trifluoride in methanol and heating by microwave
irradiation, they determined that total fatty acid concen-
tration tended to be lower with microwave irradiation
when compared to convectional heat. For the heating
time of 45 s, the total contents of monounsaturated and
polyunsaturated fatty acids were significantly lower in
relation to those obtained by convectional heating, indi-
cating that microwave heating requires further assess-
ment. In our experiments, we did not observe any influ-
ence on monounsaturated and polyunsaturated composi-
tion when microwave irradiation was used.

In another study with microwave irradiation, Jeyashoke,
Krisnangkura, and Chen [28] found that the FAME of
canola, olive, soybean, rice, and sunflower oils can be
prepared in about 15 s with 1.0% of sodium methoxide
and a methanol/toluene mixture of 1:3 (v/v). When the
ratio of the methanol/toluene mixture was 1:10 (v/v), the
time required for the transesterification was 40 s.

When the selected condition was used for transesteri-
fication with heating by microwave irradiation for soy-
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bean oil fortified with 10% linoleic acid, we obtained the
total FAME concentration of 964 + 12.3 mg-g'. The
conventional heating proposed by Joseph and Ackman
[16] gave a concentration of 970 + 9.2 mg-g . These
results were not significantly different when compared
by Student-t test (p > 0.05).

The individual concentrations of FAME in the soybean
oil sample obtained by microwave irradiation and by
water bath heating ranged from 0.74 to 471 mg-g ' and
showed a linear relationship and a correlation coefficient
of 0.9997 (p < 0.001) (Figure 3). This high correlation
coefficient indicates that the results obtained by these
methods correlate strongly with the results obtained by
the original method.

The addition of linoleic acid to the soybean oil sample
(Table 2), followed by the preparation of FAME by con-
ventional heating and by microwave heating, resulted in
recovery levels of 92.40 and 91.73%, respectively, with-
out a significant difference (p > 0.05). These results also
indicate that the quantification of the linoleic acid methyl
ester was sufficiently accurate, since the range of 80.0% -
110.0% is considered acceptable in method validation stu-
dies [29].

Table 3 shows the recovery values for derivatization
of the mixture of standards: tripalmitin (TG 16:0), tristearin

500

Y = 0.38256 + 0.98585.x
400+ R =0.9997

(microwave heating)

Concentration of FAMESs (mg -g'1)

0 10 200 300 40 500
Concentration of FAMEs (mg-g")
(conventional heating)

Figure 3. Correlation between individual concentration of
FAMEs from soybean oil prepared by conventional heating
and microwaveirradiation.

Table 2. Recovery percentage of linoleic acid added to soy-
bean oil with FAME preparation by heating in water bath
and microwave.

Amount (mg)

Heating Recovery
mode Initial Added Total Found (%)
Microwave  12.05 6.12 18.17 546  89.22+6.16
Water bath  12.05 6.12 18.17 565 92.32+£5.85

Results expressed as mean + standard of four repetitions.

Copyright © 2012 SciRes.

Table 3. Recovery percentage of different standards by
conventional heating (1) and microwave heating (2).

Heating Amount added Amount found

0,
Standard mode (mg) (mg) Recovery (%)
16:0 1 3.181 3.098 97.40 +4.19
' 2 3.181 3.087 97.04 +4.03
18:0 1 3.227 3.279 101.6 £5.23
' 2 3.227 3.186 98.72 + 6.92
1 11.41 11.06 96.96 & 7.06
18:2n—-6

2 11.41 10.93 95.78 £3.20

1 . 44 101.5+3.
18:30—3 3.390 3.440 01.5+3.65
2 3.390 3.29 97.05 +2.56

Results expressed as mean + standard deviation of three repetitions.

(TG 18:0), trilinolein (TG 18:3n — 3), and linoleic acid
(18:2n — 6) heated in a water bath and by microwave ir-
radiation. The recovery percentage ranged from 95.96%
to 101.6% for water bath heating and from 95.78% to
98.72% for microwave irradiation heating. There was no
significant difference (p > 0.05) between the recovery
percentages of triacylglycerols and linoleic acid by both
heating methods. These results indicate that the proposed
FAME preparation method by microwave irradiation
heating produces results that are equivalent to those of
the conventional method. Moreover, the method accu-
racy is appropriate for the preparation of FAME from
triacylglycerols and free fatty acids.

4. Conclusion

Thus, due to the ease of the proposed method and the
excellent results obtained, as compared to the conventional
methodology, the derivatization of triacylglycerols and
free fatty acids, with the use of a solution of 0.5 mol-L™
sodium hydroxide in methanol, which followed by reac-
tion with a 12% solution of boron trifluoride in methanol
and heating by microwave irradiation in a closed system,
was proven to be a very convenient and fast methodology,
significantly reducing the analysis time.
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