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SUMMARY 

The literature leading to the development of rapid procedures for the prepara- 
tion of fatty acid methyl esters for gas-liquid chromatography by methoxide-cata- 
lysed methanolysis of fats and oils is reviewed. 

A rapid and reliable procedure utilizing the best features of the literature meth- 
ods was developed and shown to give excellent quantitative results in the difficult case 
of a triacyfglycerol primary standard mixture simulating coconut oil. Evidence is 
presented that brief refluxing of the reaction mixture is advantageous and that re- 
moval of methoxide by aqueous extraction at the completion of the reaction, as 
distinct from injecting the whole reaction mixture, is essential if good quantitative 
results are to be obtained_ The method is faster and simpler than the existing inter- 
national procedures, and the ester solution may be ready for injection into the chro- 
matograph in about 2 min. 

INTRODUCTION 

The methylation of fats and oils for the purpose of determining the fatty acid 
composition by gas-liquid chromatography (GLC) is most commonly carried out by 
the boron trifluoride-methanol procedure as laid down in one of a number of essen- 
tially identical standards I4 Although a rapid procedure for the methylation of free . 
fatty acids using boron trifluoride-methanol alone was described in I961’, the first 
record of the technique for methylation of fats and oils was in 19666. An indication of 
the rapid acceptance of the latter procedure was its approval as an American Oil 
Chemists’ Society (AOCS) method in 1969’. In contrast, procedures utilizing base- 
catalysed methanolysis were carried out as early as 1956’ for the purpose of GLC 
analysis, but gained official recognition only as recently as 1978’ and 197g9. This 
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situation appeared to us to be anomalous as there are now many examples in the 
literature describing the very rapid methylation of fats and oils using this technique 
which wouId appear to be especially advantageous to the fat and oil industry_ It is 
recognized that base-catalysed methylation may be applied only to neutral fats and 
oils (acid value -z 2): but, for edible oil products, this may be considered an ad- 
vantage_ as it is the fatty acid composition of the acylglycerols that is of prime 
importance_ Free fatty acids are removed from raw materials during refining, and the 
finished margarines and shortcninss contain negligible amounts of these. 

The slowness of official recognition of basecatalysed techniques has probably 
arisen out of the estraordinarily wide range of reaction conditions reported in the 
literature. which may well have caused confusion in the minds of many workers_ 
Thus_ solvents have varied in polarity from approsimately 5:; methanol in light 
p4_roleum to IOOY, methanol_ base concsntrations from 0.002 to 1 X_ reaction tem- 
peratures from ambient to 9O’C and reaction times from approximately 30 see to 45 
h. 

Tt may appear even more anomalous that. despite this nebulous background_ 
base-catalysed methanoiysis is in fact wideIy used for the preparation of fatty acid 
meth_vI esters (FAME). To support this statement we quote data from the 1980-81 
XOCS Smalley Gas Chromatography Check Program for Fatty Acid AnaIysis’“. Of 
472 samples for which information is available. 57’?, were methyiated with boron 
trifluoride-methanol. 31 ‘I0 with sodium methoside and 11 “b with other reagents. 
Thus. aImost one third of the participants used base-catalysed methanolysis for the 
preparation of the esters. We take this to be an indication of the significant accept- 
ance of the method. in one form or another. as an alternative to the boron trifluoride- 
methanol procedure_ 

The ultimate aim of this paper is to lead to improved standardized procedures 
and greater uniformity of technique amongst analysts working in the field. To this 
end we have endeavoured primarily to provide an overview of the experimental 
conditions which led finally to the development of veT rapid methoside-catalysed 
methylation techniques_ 

Following the review we evaluate a procedure which attempts to utilize the 
most desirable features of the many and varied literature methods and which we 
be!ieve to be significantly more efficient than the current standard proceduress-9 for 
the mcthyiation of neutral fats. A shortcoming of all of the published methods is that 
their absolute accuracy is not demonstrated with triacylglycerol primary standard 
mixtures. We demonstrate that the developed procedure gives excellent quantitative 
results in the case of a triacylglycerol primary standard mixture simulating coconut 
oil, which we have previously shown’ r to be a particularly demanding test of the total 
procedure for the preparation and quantitation of the esters. 

We also evaluate practices in the literature which receive little or no objective 
support. Thus, evidence is presented that brief reflusing of the reaction mixture is 
advantageous compared wi:h carrying out the reaction at room temperature, and that 
the removal of the methoside by aqueous extraction at the completion of the reaction, 
as distinct from injecting the whole reaction mixture, is essential if good quantitative 
results are to be obtained_ 
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LITERATURE REVIEW 

Nomenclature 
Despite its widespread usage, no uniform definition of “transestetification*’ 

exists, the basic conflict being whether the term should be equated with ester inter- 
change in the more general sense, or should mean only ester-ester interchange_ Thus, 
three kinds of ester interchange are recognized in the general sense, these being ester- 
alcohol interchange or alcoholysis, ester-acid interchange or acidolysis and ester- 
ester interchange. Whereas Kirk-0thmerr2, Clark and Hawley13, Christie”, and 
many authors in the literature use it in this general sense, Bailey”, Markleyr6” and 
Gunstone” equate it only with ester-ester interchange_ We do not argue which defini- 
tion or meaning is correct, but use the specific term “methanolysis” where a choice is 
possible. 

Ear& developments 
Glass’* has rightly pointed out that a fundamental aspect, which continues to 

be sometimes misunderstood, of the behaviour of esters in solution in alcoholic base 
is that alcoholysis proceeds far more rapidly than saponification. The initial pre- 
dominance of the alcoholysis reaction was recognized as long ago as 1898 by Hen- 
liques’g, who concluded that glycerides are first transformed by alcoholic potash into 
the ethyl esters which are then saponified_ In 1920, Pardee and Reid” estimated from 
the data of Reid” and of Anderson and Pierce” that methyl benzoate was trans- 
formed into ethyl benzoate by methanolic base approsimately 1500 times faster than 
it was saponified. While their investigations were concerned primarily with account- 
ing for low saponification numbers which were often found for certain kinds of esters. 
this deduction underlined the high speed of the alcoholysis reaction relative to saponi- 
fication_ It is reasonable that similar behaviour could have been expected in the case 
of fats and oils under similar conditions, and subsequent studies clarified the practical 
considerations necessary to drive the alcoholysis towards completion for such ma- 
terials with minimal saponification. 

Toyama et aLz3 (1933) investigated the effect of various experimental con- 
ditions on the course of the ethanolysis and methanolysis of olive oil with alcoholic 
sodium hydroxide. They concluded that alcoholysis proceeded more rapidly with 
increasing amounts and concentrations of base and with increasing temperatures, and 
they also found that the reaction could readily be driven to completion by using the 
equivalent amount of sodium hydroxide. Soap formation was also promoted by the 
above factors, especially increasing temperature, and also by increasing water con- 
tent. but was comparatively small. They also concluded that ethanolysis proceeded 
more rapidly than methanolysis. 

RoweZ4 (1933) demonstrated that both the hydrolysis and alcoholysis of fats 
could be made to proceed with only catalytic amounts of base, as distinct from the 
relatively large amounts used by the Toyama group, and Kurz” (1937) complement- 
ed both the above studies by demonstrating that the splitting and, by implication, the 
methanolysis and ethanolysis of several oils could be driven virtually to completion 
using only catalytic amounts of alcoholic potash under suitable conditions. This 
finding was not the main objective of the work of Km-z, in which he unsuccessfully 
attempted to find ways of separating saturated from highly unsaturated fatty acids 
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and also monomeric from polymeric and condensed acids. but the experimental con- 
ditions were important as they were commonly used later as a means of preparing 
methyl esters for GLC purposes. indeed, these results in some ways may have been 
counterproductive to the subsequent development of rapid transesterification meth- 
ods as only long reaction periods of 24 h or more were generally associated with 
satisfactory, i.e.;near quantitative, yields. With hindsight, these long reaction periods 
may be Seen to be associated with the generally low concentrations of base, the 
relatively low molar ratio of alcohol to substrate and the low reaction temperature of 
approximately 2O’C used by Kurz, all of which were possibly selected with industrial 
practicalities in mind. A further significant conclusion reached by Kutz was that all 
conditions which decreased the saponification rate diminished the amount of potassi- 
um hydroxide necessary for complete transesterification 

Theor_v of Ihe reaction 
The above studies had thus elucidated the more important practical principles 

relating to the base-catalysed alcoholysis of fats and oils as early as 1937, but none of 
the above workers attempted to account for any of the observed behaviour. A com- 
prehensive esplanation. which was specifically framed in the context of the prepara- 
tion of methyl esters for GLC, was not forthcoming until 1971, when GlasP as- 
sembled the relevant theoretical information which had accumulated in the interven- 
ing period_ The essential features of the process are as follows. 

First, the equilibrium shown in eqn. 1 lies well to the right. even in the presence 
of substantial amounts of water. 

Na-OH- + ROH + Na’OR- + HOH 

Data to support this have been given by Caldin and Long6.“. Typically, in a solu- 
tion made by dissolving sodium hydroxide in ethanol containing S “/‘, of water. the 
values of X and the percentages of the base present as OEt are. respectively, 0.2. 99; 
0.5. 9s; l.O.96; and 1.0.91. This equilibrium alone Iargely accounts for the predomi- 
nance of the alcoholsis reaction_ especiahy in the case of methanohc potassium hy- 
droside in which the methanol is usually anhydrous. 

Second nucleophihc attack by OR- Ieads reversibly to alcoholysis as shown in 
the reaction 

0- 

I 
R’-CO-OR” t Na-OR- z$ R’-C-OR” + Na’ ti R’-CO-OR + Na’OR”- (2) 

I 
OR 

On the other hand, attack by OH- leads irreversibly to saponification as shown in the 
reaction 

0- 

I 
R-CO-OR” + Na-OH- = R’-C-OR” + Na’ -+ R-CO-O-Na’ + R”OH(3) 

I 
OH 
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The predominance of the alcoholysis reaction is further accounted for in the 
data of Bender and Glasson’“, who estimated that the relative rates of attack of 
OH-, OMe- and OEt- on the ester, which is the rate-determining step in each case, 
are in the ratios 1:1.59:4_17. respectively, under ideal conditions. 

Finally. the original base is regenerated from Na -r OR”- in eqn. 2 according to 
the reaction 

Na’OR”- + ROH s R”OH + NatOR- (4) 

The above theory accounts for the earlier findings and indicates that an ef- 
ficient preparation of the esters should be achieved by displacing reaction 2 to the 
right and inhibiting reaction 3 for which the following steps may be taken: 

(1) The concentration of OR- should be maximized and the concentration of 
OH- minimized_ Even though the equilibrium in eqn. 1 is highly favourable, it would 
appear desirable to use methoside rather than hydroside as the base. Thus. the 
presence ot even small amounts of soap could promote emulsification and delay the 
separation of the organic layer during extraction of the esters. Using methoside, soap 
formation would be limited to that generated by free fatty acids in the substrate and 
to that resulting from the inevitable uptake of small amounts of moisture during the 
preparation and use of the methanolic reagent. It also follows that methoside should 
be used at the highest concentration which does not lead to undesirable side reactions 
and at which it may be conveniently handled. 

(2) The concentration of methanol should be as high as possible to displace 
reaction 4 to the right. 

(3) The reaction should be carried out at the highest practical temperature 
which does not lead to undesirable side reactions_ 

Bearing in mind the above considerations. the various procedures described in 
the literature for the preparation of the methyl esters for GLC are now outlined with 
emphasis on the development of rapid methods. Most of the early workers were not 
concerned with optimizing the preparation, and the potential for rapid techniques 
was not effectively realized until 1965. It is possible that such developments were 
retarded by apparent misunderstandings of the earliest work. Markley’6b, for es- 
ample, incorrectly states that “K~rz’~_ _ _ found in agreement with RoweZa and with 
Toyama et aLz3, that alcoholysis by potassium hydroxide consisted of two reactions. 
viz.. saponification followed by re-esterification”. GlassIs demonstrated the error in 
this statement, but appeared to be unaware that 1Markley had incorrectly reported the 
conclusions of the earlier workers. A similar misunderstanding appeared as recently 
as 1977”‘, when it was stated, “When esters are prepared by transesterification tech- 
niques in which saponification and esterification are performed in the same vessel, the 
triglycerides must be quantitatively converted to salts which. in turn, must be quanti- 
tatively converted to esters’.. Thus. transesterification does not proceed by saponifi- 
cation at all. 

Development of rapiii procedures 
The first preparation of the methyl esters by base-catalysed methanolysis of a 

fat or oil specifically for the purpose of analysis by GLC was carried out by James and 
Martin in 1956’. The esters of olive oil were prepared by the method of Ktm?, but 
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the authors gave no experimental details. Km-z carried out this reaction in ethereal 
methanoI with methanolic potassium hydroxide at room temperature such that the 
base concentration was approximately 0.006 N and the molar ratio of methanol to 
substrate was approximately 25 in the reaction mixture. The yield of liberated glycer- 
ol was 9S.3! 7; after 24 h, 98.78 p;, after 4s h and 99.44 Ti after 72 h. Assuming that 
James and Martin followed these experimental details. it is likely that they obtained 
an excellent yield of esters. but the preparation is marked by characteristics which 
were to appear commonly in later pubhcations. viz., a low concentration of base, a 
long reaction time. a low reaction temperature and the use of hydroxide rather than 
methoslde as the catalyst_ 

Craig and ~Murty’~ described the first use of methoside for the preparation of 
esters in 1959. Six neutral vegetabIe oils were regused for 4 h in methanolic sodium 
methosldr at a substrate to catalyst ratio of IO_ No comment was made on the yield of 
esters. which was probably good under the conditions used, but the authors did point 
out the speed and simplicity of the method_ 

In 1960 Luddy er ~1_~‘, while investigating the transesterification of sterol 
esters, foreshadowed the development of rapid procedures for the transesterification 
of tri&cerides when they concluded that this could be achieved by using many times 
the amount of sodium or potassium methoside normaily used for methanolysis. Thus 
a 9s T; yield of esters was achieved from sesame oil after reflusing for 5 min with a 
methanol to substrate ratio of about 1 SO and an amount of sodium methoside arcund 
1.5 times stoichiometric. This finding was essentially incidental to their work and 
appears to have escaped widespread observation as a number of subsequent papers 
described relatively inefficient methods3’-36. 

Further to this earlier work, Luddy et al_ 3’ described the first rapid meth- 
ylation procedure in 196s. detailing three versions of a sealed tube micromethod. For 
neutral glycerides I-30 mg of substrate were heated at 65C for a total of 2 min with a 
methanol to substrate ratio of at least 60 and, at the minimum. a stoichiometric 
amount of sodium methoside. The esters were recovered by extraction with carbon 
disulphide and centrifugal separation, and a total preparation time of less than 6 min 
was claimed. The authors also stated that the transesterification reaction was com- 
plete in 30 set under these conditions_ This paper appeared to create a spate of 
interest in rapid methods and several other techniques soon appeared in the literature. 

DeMan and colleagues developed a rapid version of a sealed tube method first 
devised fur butterfat by DeMan in 19W’s. The original version used catalytic levels 
of sodium methoxide. methanol to substrate ratios of 20 and required heating for 1 h at 
6O’C. The latter method, described in 19703’, used higher levels of sodium methoxide 
and methanol to substrate ratios and incorporated a mixed solvent of light petroleum 
and diethyl ether to enable the reaction to proceed homogeneously in 2 min at room 
temperature_ Although described for butterfat, the method was stated to be suitable 
for other fats and oils. including hard fats. Reaction mixtures were injected directly 
into the chromatograph. and repeated injections were claimed not to affect the 
column adversely. 

At about the same time, Glass and Christopherson published three versions of 
rapid transesterification procedures_ The first appeared in 196g5’ and was a micro- 
method for the differential determination of esterified and free fatty acids in lipid 
mixtures. The lipid solution was treated with an excess of 1 N sodium methoxide over 
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that required to neutralize free fatty acids. After standing at room temperature 5 min. 

the free fatty acids could also be ester-iced by treatment with methanolic hydrochloric 
acid. Analysis of the neutralized and acidified materials gave the bound and total Iipid 
fatty acid compositions, respectively_ For neutrai oils, only the first stage is required_ 
The reaction mixtures were injected directly into the chromatograph. and it was 
maintained that the fatty acid soaps, when present, did not interfere with the chroma- 
tograph. The column could be purged by injection of methanolic hydrochloric acid at 

elevated oven temperatures. 
The same authors” also described a room temperature method for the meth- 

anolysis of milk fat. Alcoholysis was shown by thin-layer chromatography to be 
complete after 2 min. and a total preparation time of less than 5 min was claimed. It 

was pointed out that direct injection of the reaction mixture was necessary to avoid 
loss of short-chain esters in an extraction step, and it was maintained that repeated 
injection did not adversely affect the column or detector_ The “essentially non-alco- 
holic” solution aided resolution of methanol from the butyrate peak in the chromato- 
gram_ While the molar ratio of methanol to substrate of approximately 3 ivould 

appear to be less than adequate, an additional driving force for the reaction was the 
separation of glycerol from the reaction mixture due to its insolubility. 

In 1971 Glass’a discussed the theory of the transesterification reaction_ the , 
essential features of which have already been described_ In this paper a further trans- 
esterification method for fats and oils was reported. The reaction was carried out at 
room temperature, with solubility of the glyceride enhanced by the inclusion of ben- 
zene in the solvent system. Triglycerides, phospholipids and was esters were csterified 
in 1-2 min and sterol esters in 20 min at room temperatures. The reaction mixture was 
injected directly into the chromatograph with no reported damage to column or 
detector. The methanol to substrate ratio under these conditions lies between 600 and 
60, in sharp contrast to the earlier methods. Base concentrations were 3-30 times 
stoichiometric, but !ower levels were also found to be satisfactory for triglycerides 
and was esters_ 

Hougen and Bodo4’ described both a “conventional methanolysis” and a 
“rapid methanolysis” for the methylation of rapeseed oil in 1973. The rapid method 
was notable for the use of a high concentration of base and the convenience of 
carrying out the preparation and estraction of the esters in the same reaction vessel. 

Extraction procedures were also used by Zorawskia3 ( 1973) and Prevot er (II.LL 
(1975); the former used saturated sodium chloride to aid extraction of esters into 
isooctane while the latter first neutralized the reaction mixture with methanolic 
hydrochloric acid before addition of light petroleum and injection of the upper layer. 
Prevot stated that the total preparation time was very fast at 2.5 min. 

Utrilla ef a/_45 (1976) studied, the formation of methyl esters from fats as a 
function of time using four catalysts, vi=., sulphuric acid, boron trifluoride, potassium 
methotide and potassium hydroxide. Results were expressed as yields of esters 
formed relative to the maximum yield obtained in the reaction_ The data obtained 
from the experiments with the two basic catalysts are pertinent to the review. For the 
methoxide reaction, which was based on the method of Luddy et ale3’, the relative 
abundance of esters dropped markedly from the 2 min to 30 min reaction period, 
although no explanation was given for this phenomenon. The potassium hydroxide 
method was based on a proposed UNE standard (Spain)J6 and on the method used 
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by Christopherson and Glass” for the rap id preparation of milk fat methyl esters. 
Utrilla et al-j5 found that the methylation of short-chain esters was almost instan- 
taneous. whereas the long-chain esters required slightly longer. Soap formation was 
similarly faster fcr the short-chain esters_ 

The Christopherson and Glass procedure was also the basis for the method 
proposed by Bitner et aL4’. The major improvement to the technique was to use a 
diethyl ether-methanol mixed solvent. eliminating hexane from the method in order 
to give a single phase and enhance the solubility of the oil. 

The International Organization for Standardization (ISO)’ and International 
Union of Pure and Applied Chemistry (IUPAC)’ standard methylation procedures 
using base-catalysed methanolysis are identical and use potassium hydroxide rather 
than methoside as the catalyst_ There are three vatiants, which are given as “altema- 
tive methods not involving the use of boron trifluoride”. The first variant is for neutral 
fats with an acid value less than 2 and uses a methanol to substrate ratio of about 90 
and a base concentration of approximately 0.01 N in the reaction mixture. The second 
variant is for acid fats and oils, and the major difference is the use of more base (ca_ 
0.5 1%) as much of the catalyst may be consumed by the free fatty acids. Both methods 
require rellus conditions and extraction of the esters formed into heptane. The third 
variant is for fats (such as butter fat) containing short-chain fatty acids, and is carried 
out at room temperature_ The reaction mixture has a hi& level of heptane and low 
levels of methanol and potassium hydroxide catalyst_ The driving force for the reac- 
tion is the separation of glycerol from the non-polar medium. 

The obvious feature of literature methods describing the methoside-catalysed 
methanolysis of fats and oils is the extreme variability of the reaction conditions 
which have been used. Although many methods are obviously very inefficient, others 
appear to be highly efficient_ The best of these are simpler and faster than the widely 
used boron trifluoride-methanol procedures tJ for the methylation of fats and oils, 
and should thus be more attractive for more widespread use in the fat and oil industry 
than presently may be the case. The currently described international standards for 
the methylation of neutral fats and oils by this methods*g appear to offer scope for 
improvement with regard to speed of reaction and simplicity of workup. In the 
following section we evaluate a procedure which attempts to overcome these short- 
comings_ 

EXPERIMENTAL 

All reagents were chemically- pure_ Isooctane (2,2,&rimethylpentane) was of 
Baker Analyzed Reagent grade (J_ T. Baker_ Phillipsburg NJ, U_S.A_)_ A purity check 
by GLC under conditions si_milar to those used throughout the experiments showed 
that there were no peaks on the solvent tail. 

The primary standard mixture of triacylglyccrols simulating coconut oil was 
the same as that previously described’ * _ The various fats and oils were obtained from 
Edibie Oii Industries Pty_ Ltd. (Balmain, N.S.W., Australia). 
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Chromatography- 

GLC and processing of the data were carried out as described previously”8, 
escept that samples were injected manually for the analysis of the primary standard 
and the soybean oil sample. For evaluation of the effect on the analysis and column of 
injecting the whole reaction mixture, samples were injected automatically. The detec- 
tor was optimized for linearity as previously describedAs. 

Meth_viation procedure and related studies 

Premolten fat or oil (14 drops or approximately 150 mg) was transferred to a 
dry, 50-mI volumetric flask fitted with a B14 ground-glass joint. The misture was 
boiled under reflus for 30 set with 5 ml of 0.25 A4 sodium methoside in methanol- 
diethyl ether (I : 1). The flask was removed from the heat source, 3 ml of isooctane and 
approximately 15 ml of saturated sodium chloride were added and the flask was 
stoppered and sizakerz vigorouslyfor 15 set while tepid_ The liquid level was brought to 
the neck of the flask with more sodium chloride solution and the phases were allowed 
to separate. Approximately 2.5 ,~l of the upper layer were injected into the chromato- 
graph. 

The methyiation procedure was evaluated by determining the means and stan- 
dard deviations for each of the component esters of the triacylglycerol mixture and 
also by determining the grade of analysis’g with respect to the known composition_ 
The results were compared with those obtained using a modified boron tritluoride- 
methanol procedure” for both the primary standard and a soybean oil sample. 

For the reaction rate studies, the methylation was carried out under the re- 
quired conditions and the mixture worked up as above- The equivalent of about 50 
mg of reaction product was treated with 1 ml of a solution of pyridine-hexamethyldi- 
silazane-trimethylchlorosilane (102: 1) and the total amounts of methyl esters. 
monoacylglycerols and diacylglycerols were determined simultaneously by GLC. 
Analysis was carried out on a Varian Model 1700 chromatograph fitted with a flame- 
ionization detector and a 2 m x 4 mm ID_ glass column packed with 3 % OV-1 on 
IOO-120-mesh Gas-Chrom Q, with nitrogen at 30 ml/min, hydrogen at 30 ml/min and 
air at 500 ml/min. The oven was temperature programmed from 100 to 300°C at 
4”C/min, and peak areas were measured using a Hewlett-Packard Model 3354 Labo- 
ratory Automation System. 

To determine if it was necessary to remove methoxide from the reaction mix- 
ture prior to GLC, the effects on analytical and chromatographic performance of 
repeated injections of methotide-free and methosidecontaining solutions of coconut 
oil FAME on to a DEGS-PS column were determined_ For this, a coconut oil sample 
was methylated, first by the procedure given above, in which methoside is removed by 
aqueous extraction, and second by a procedure similar to that of Bitner et aL”’ in 
which no aqueous extraction was used. For the latter, five drops of coconut oil were 
shaken with 1.5 ml of 0.25 M sodium methoxide in methanol-diethyl ether ( 1: 1) in a 
sealed vial and the mixture was allowed to stand at room temperature until required 
for analysis_ Starting with the methoxide-free solution, SO analyses of each were 
carried out. In addition, a methoxide-free solution of soybean oil FAME was ana- 
lysed at the start of the experiment and then after every 20 injections of the coconut oil 
FAME solutions. immediate and cumulative effects were considered. immediate ef- 
fects were assessed from the accuracy of the analytical results for the coconut oil 
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analyses. Cumulative effects were assessed from progressive changes in the accuracy 
of the analytical result for both the coconut oil and soybean oil FAME solutions and 
aiso from changes in chromatographic parameters for the soybean oil FAME chro- 
matograms. The ability of the column to recover after repeated injections of the 
methoxidecontaining solution was assessed by analysing the soybean oil FAME 
solution a further six times at the end of the experiment and examining the analytical 
and chromatographic performance_ As the experiment required several days to com- 
plete, the soybean oil FAME solution was analyzed on a new DEGS-PS column after 
2u other analyses had been completed to determine if the esters had remained un- 
changed throughout. 

The chromatographic parameters for the soybean oi! FAME chromatogram 
were determined using a Hewlett-Packard IModel 3354 Laboratory Automation 
System. The parameters were effetive theoretical plates for 18:O and 18:3, separation 
factor for 18%18:1, resolution of 18:0-18:l and tailing coefficient for 18:3. 

The absoIute accuracy of the above analyses for the coconut oil sample was 
supported by analysing methoxide-free and methoside-containing solutions of the 
FAME of the triacylglycerol primary standard mixture_ These solutions were also 
used to determine the effect on the analytical results of using phases other than 
DEGS-PS. The columns for these studies were 4.5 m x 4 mm I.D. glass packed with 
100/d Carbowax 20M on 10&120-mesh Gas-Chrom Q (22O”C, isothermal) and 1.5 m 
x 4 mm I-D_ glass packed with 15% Silar-1OC on 230-270-mesh Gas-Chrom R 
(ULTR4-PAK, Applied Science Labs.. State College_ PA, U.S.A.) (ISO’C, iso- 
thermal). 

RESULTS AND DISCUSSiON 

Selection of nrethano&-sis reaction conditions 
In selecting the particular reaction conditions and other details for the meth- 

ylation procedure, the following considerations were taken into account. First, the 
method was designed primarily for use in the fat and oil industry where the available 
sample size is normally not limited. hence, the special adaptations of the various 
micromethods which appear in the literature were not considered. Thus, the propor- 
tions of analyte and reagents approsimated those used in the standard procedures’*‘_ 
The method was similarly not meant for the analysis of butterfat, which requires 
special attention_ Second, the improved solvent system of Bitner et al.“, riz_, meth- 
anol-diethyl ether (I :I), was used to give a single phase and aid in dissolving the oil. 
Third, the reaction parameters were selected in order to displace the reaction towards 
completion as rapidly as possible in accordance with the principles proposed earlier in 
this paFr in the theoretical discussion. Fourth, a vigorous extraction step was in- 
cluded to maximize the recox-ery of the short-chain FAME in accordance with our 
previous findin&‘_ This aqueous extraction was also carried out to remove meth- 
oxide which we !ater show to be dama_+ng to the analytical results if left in the 
reaction tixture_ 

Erahation of metfir-latiom procedure for quantitative accurac) 
The results of analysis of the triacylglycerol primary standard are given in 

Table I together with statistical data and the known composition of the standard. 
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TABLE I 

ANALYSIS OF TRIACYLGLYCEROL ,tiIXTURE AFTER 
ANOLYSIS 

METHOXIDE-CATALYSED METH- 

Composition by GLC fyi;) 

FAME 

6:O 8:O 1o:o 1.0 I-l:0 16.0 18.0 

Mean 0.76 
S.D. O.CUS 

C.V. ( ?J 5.9 
Known ?L 0.93 
il* -0.17 

0.68 S.,S 6.31 
o.so s-32 6.36 
0.77 s-44 6.42 
0.79 8.31 6.37 
0.71 S.35 6.37 
0.74 S-31 6.35 
0.76 S.75 6.33 

OS? s.79 6.33 

s.32 6.36 
0.061 o-03:! 
0.7 0.5 
5.31 6.20 

so.01 to.16 

47.62 19.14 S-34 9.64 99.19 
47.61 19.07 5.26 9.58 99.50 
47.63 19.00 8.23 9.50 99.19 
47.65 19.03 5.16 9.5s 99.46 
47.75 19.03 S.24 9.53 99.41 
47.51 19.15 s-30 9.65 99.20 
37.57 19.13 s_s2 9.6-I 99.26 
47.79 1 s-59 8.16 9.63 99.35 

47.64 19.06 
o.os9 0.057 
02 0.5 

47-72 19.0s 
-0.05 - 0.02 

5.25 9.60 
0.039 0.055 
0.5 0.6 
S.lS 9.55 

f0.10 +0.02 

99.32 
0.13 

* Differmce between mean and knomm values. 

The analytical results were in excellent agreement with the known composition 
and show excellent precision (repeatability). They were also marginally better than 
those recently reported for a modified boron trifluoride-methanol methylation pro- 
cedure”, because of slightly better recovery of methyl caproate, and were much 
better than those found for the AOCS and IS0 boron trifluoride-methanol pro- 
cedures. 

The results of analyses for the soybean oil FAME are given in Table II together 
with the results after methylation with boron trifiuoride-methanol. 

The results were again all in excellent agreement, indicating that the strong 
base had no detectable effect on the polyunsaturated fatty acid components; the 
reaction products similarly showed identical absorptions in the UV region at 233 nm 
(conjugated dienes), or 262. 265 and 274 nm (conjugated trienes), when prepared 
using either boron trifluoride-methanol or methoside. 

Reaction rate studies 

While it is generally recoguized that methoxide-catalysed methanolysis of fats 
and oils is extremely rapid, even at room temperature, few studies have illustrated just 
how quickly the reaction may be carried out with assurance that it has gone to 

al completion_ Christopherson and Glass demonstrated by thin-layer chromatogra- 
phy that conversion of milk fat into the methyl esters was complete in 2 min at room 
temperature_ Glad8 later investigated the saponificarion of corn oil with methanolic 
sodium hydroxide and similarly showed methanolysis to be complete in 3 min. Seem- 
ingly conflicting statements have, however, appeared in the literature, a serious in- 
stance being a report” that use of the LUPAC conditions for methanolysisg led after 
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TABLE Ii 

DUPLIC_ATE -ANALYSES OF SOYBEAii OIL SAMPLE AFTER METHYLATION WITH BORON 
TRiFLUORiDE-BIETHAKOL OR METHANOLIC METHOXIDE 

I&O 
16:O 
i6:l 
I?:0 
IT:1 
IS:0 
IS:1 
is:2 
1o:o 
IS:3 
20 

- 

0.07 0.07 
IO.47 10.39 
0.12 0.11 
0.10 0.11 
0.07 0.05 
XAS 3.49 

20.s9 20.96 
H-97 55.09 

0.33 0.33 
9.0s s.97 
O.-l2 0.Z’ 

0.06 0.06 
10.35 10.34 
0.12 O-12 
0.10 0.10 
0.0s 0.06 
3.54 3.50 

20.97 20.96 
_3_9s 35.06 

0.35 0.35 
9.01 9.00 
0.42 0.41 

TABLE III 

R%TE OF METHVLATIOS OF FATS ASD OILS 

soy!xan 
soybean 
Soybean 
SoJePz.In 
soybean 
SO~bCUt 
Sunflowrr 
Sunnower 
SZlfIiOWtX 
Sztfllower 
Coconut 
Hydrogenated 

@m 

Hydro_gxxmd 

Palm 
H> drogenated 

soybean/palm 
H)dro_mtecl 

sO+Z%ll:PAtl 
Tz?llow 
Tallow stexin 
Ttiow searin 

_Atnbisnt 
Ambient 
Ambient 

RZflIlX* 
Reflus 
Reflux 
Ret1l.K 
ReCuI 
Reflus 
Reflux 
Reflux 
Reflux 

0.1 
1 
2 

o- 
025 
0.5 
0.25 

0.5 
0.25 
0.5 
0.5 
0.75 

s3_7 12.0 4.3 
97.1 x3 0.1 
99.7 0.3 ND* 
93.0 6.5 0.1 

100.0 ND ND 
99.9 0.1 ND 
99.9 0.1 ND 
99-S 0.2 ND 
99.5 0.5 ND 
99-s 0.2 ND 

100.0 ND ND 
99.9 0.1 ND 

Reflux O-5 99.6 0.4 

Reflex 0.25 96.3 3.3 

RefIux 0.5 99.7 0.3 

Reilux 
R&IlS 
RefkX 

0.5 
025 
0.5 

99.9 
99-S 
99.7 

0.1 
0.1 
0.3 

ND 

0.4 

ND 

XD 
ND 
ND 

l Not detected_ 
* lime required fo reach reflux is appro.ximateIy 0.25 min on a hot-plate and is not included in the 

ref!u_x time- 



ANALYSIS OF FAT-i-Y ACID hlETHYL ESTERS. III. 83 

15 min refluxing to incomplete methanolysis, with mono-, di- and triglycerides beins 

detected in the reaction product. 
Table III gives the results of a comparison of the rates of methanolysis of 

several fats and oils for various times and temperatures with other reaction conditions 
being as described in our procedure_ The total concentrations of methyl esters, 
monoacylglycerols and diacylglycerols were determined simultaneously by normal- 
ization of the GLC results. The results do not take into account unreacted triacylglyc- 
erols, which were assumed to be negligible because of the very low levels of diac- 
ylgiycerols, soaps. which Glass is has shown to be insignificant in the early stages of 

the reaction with neutral oils, and unsaponifiable matter. 
The results con&m that methanolysis is essentially compiete in 2 min at room 

temperature in the case of soybean oil, but also that reaction times less than this 
should not be used at this temperature_ The results also indicate that, with refluxing, 
the reaction is complete after 15 set with most fats and oils and that complete reaction 
is ensured in all cases after 30 sec. We have, therefore, included the use of reflusing in 
our own procedure in order to drive the reaction to completion in the shortest 
possible time. In addition. heating of the reaction mixture later ensures extraction of 
the FAME under tepid conditions which we believe promotes ease of quantitative 
extraction of the shorter chain FAlME into the organic layer’ * _ Using the procedure 
described, the FAME solution may be prepared ready for injection into the chroma- 
tograph in about 2 min. 

Effects of injecting whole reaction mixtures 

The literature methods for methoxidecatalysed methanolysis may be divided 
into two groups according to whether the reaction mixture is injected directly into 
the column, sometimes after neutralization or acidification with methanolic hydro- 
chloric acid, or whether the mixture is diluted with water or brine and the esters 
recovered by estraction into a suitable solvent. The direct injection technique has 
advantages in time savings and in circumventin g the possible loss of short chain 
FAME into the aqueous phase, but there is also the possibility of causing column and 
detector damage. There is disagreement in the literature in the latter respect. 
DeiMan3’*” found that repeated injection of a whole reaction mixture (not neutral- 
ized) had no harmful effect on the separating ability of a polyester (DEGS) column. 
provided his preferred transesterifying reagent (0.5 N methanolic sodium methoside 
in light petroleum-diethyl ether) was used. However, he also reported that similar 
reagents containing benzene showed abnormal patterns for milk fat esters, especially 
when the sodium methoxide concentration was higher than 0.05 N, and serious losses 
of methyl oleate and other unsaturated fatty acids were also noticed in this instance_ 
Christopherson and Glar&’ originally stated that repeated injection of a whole reac- 
tion mixture (whether acidified or not) did not adversely affect column (DEGS) or 
detector, but later indicated (for neutralized or acidified mixtures) that slow accumu- 
lation of material in the column gave rise to increasing bleedzo. The column was 
restored by purging with injections of methanolic hydrochloric acid or by occasion- 
ally leaving at 220°C overnight at an increased carrier gas flow-rate. Glass’s, later 
again, indicated that no damage to column and detector resulted from direct injection 
of a (preferably neutralized) reaction mixture. In contrast, Iverson and Sheppard” 
found that injection of whole reaction mixtures onto a Silar 1OC column resulted in 
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severe detector fouling, the generation of artifacts, unstable baselines, loss of resolu- 
tion and a shortened column life. 

AIthough the above workers had differing opinions about the effects of inject- 
ing whole reaction mixtures, none presented objective evidence to support their cases. 
In our studies, we were concerned with the effects of injecting reaction mistures 
containing sodium methoside, which is of particular interest for several reasons. 
First, methoside might be expected to be particularly damaging to polyester phases 
by causing depolymerization. Second, it could catalyse transesterification between a 
polyester phase and the FAME. Third, it could lead to soap formation with the 
F_AlME in the hot injection zone- Finally. while some of the literature methods advise 
or specify that metho.tide should he neutralized before the reaction mixture is in- 
jected, it is advanrageous in time savings only if the whole reaction misture is injected 
with no further treatment after completion of the methanolysis. Thus, the extraction 
procedure which we describe is rapid and may be carried out as simply as a neutraliza- 
tion step while having the advantage of removing inorganic reagents and the small 
amounts of soaps which are present. 

To determine the effects of methoside on the analytical and chromatographic 
performance of a DEGS-PS column. repeated injections were made of a solution of 
coconut oil FAME. f?rst_ when the reaction mixture was worked up by aqueous 
extraction and, second, when no such workup was carried out. The results of the 
evaluation procedure are given in Table IV for the analytical results on the coconut 
oil FAME, in Table V for the analytical results on the triacylglycerol primary stan- 
dard. in Table VI for the analytical results on the soybean oil FAME and in Table VII 
for ahe chromatographic parameters for the soybean oil FAME chromatograms. 

TABLE IV 

ANALYSIS OF COCOi*;UT OIL AFTER METHYLATION FOLLOWED BY AQUEOUS EXTRACTION OR 
SO EXTR4Cl-ION 

Furry acid Composition 4r_ GLC (R) 

nteth_rl esrer 

lrtjection So. (aqxous e_~Zractioon j lnj2ction X0. (no e_v:raction) 

I 20 40 so I I 3 10 20 40 SO 

6:0 0.63 0.62 0.65 0.64 0.36 0.31 ND* 0.31 0.34 ND 0.29 

S:O S-69 3.65 S.80 8.75 9.59 10.00 10.17 10.11 10.27 9.9s IO.29 
IO:0 6.5’7 65% 6.54 6.60 7.00 7.37 7-46 7.3-a 7.36 7.25 7.29 
UnJinO~Tl’) 0.02 0.02 0.01 0.02 ND 020 0.26 0.32 o-57 0.51 0.67 
l2:O 46.92 -%7_00 46-66 46_S3 49.7s 500.81 50.87 30.19 30.M 49.95 49.95 
14:O 175% 1756 17.71 17.62 17-41 17.10 16.91 16.91 16.43 16.82 16.42 
16~0 8.33 5.71 5.77 8-70 753 6.90 6.77 6.84 6.38 6.92 6.64 
IS:0 2.63 2-63 2-M 2-62 1.96 1.63 1.55 I.55 1.37 1.58 1.46 
is:1 6.40 6-44 6.47 6.43 5.0-t 4.40 4.09 4.05 4.01 J-23 4.0-l 
i&2 1.64 1.64 1.64 I-63 I.32 1x 1.07 1.07 1.14 1.11 1.07 
L‘&noun- 0.07 0.07 0.06 0.06 0.11 0.17 0.86 1.30 LOS 1.65 1.5s 

* E;ot detected_ 
* Probably I1 :O for the aqueous extraction sampks. 

* Probably IS:3 for the aqueous extraction samp!es. 
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TABLE V 

ANALYSIS OF TRIACYLGLYCEROL PRIMARY STANDARD MIXTURE IN METHOXIDE- 
FREE (A) AND IMETHOXIDE-CONTAINING (B) SOLUTiON ON DIFFERENT STATIONARY 
PHASES 

Composizion by GLC (%) 

DEGS-Ps* (B) Carbowax Z0.W Silar IOC 

A B .-I B 

6:0 0.93 OS2 1.17 0.52 ND 
s:o 9.77 S.35 9.73 8.31 9.45 

1o:o 7.19 6.34 7.16 6.34 7.07 
I?0 52.14 47.5s 50.26 47.65 52.20 
14:o 113.10 19.23 15.77 19.23 19.02 
16:0 6.15 s-19 6.48 8.23 6.62 
1s:o 5.16 9.43 6.11 9.39 5.56 

Grade** 57.8 99.1 59.8 99.3 87.0 

* Rcsttlts for methodde-free (A) solutions on DEGS-PS are those &en in Table I. 
** The knoun composition of the standard is &en in Table I. 

TABLE VI 

RESULTS OF ANALYSES OF SOYBEAN METHYL ESTERS AFTER MULTIPLE INJECTIONS OF 
COCOKUT OIL ESTER SOLUTIONS 

1410 0.09 
15:o 0.01 
16:O 11-13 
16:l 0.14 
17:o 0.11 
17:l 0.05 
1s:o 390 
1S:l 20.94 
IS:2 543.36 
2o:o 0.40 
lS:3 8.40 
22:O 0.43 

Grade 99.73 99.65 99.60 99.57 

0.09 
0.01 

11.12 
0.13 
0.11 
0.05 
387 

20.93 
54-3s 
0.41 
s-43 
0.44 

0.09 
0.01 

11.12 
0.13 
0.11 
0.05 
3-M 

20.97 
54.3s 

0.40 
5.43 
O-42 

0.09 0.09 0.09 
ND 0.01 ND 
11.12 11.12 11.25 
0.13 0.13 ND 
0.11 0.10 0.11 
0.05 0.05 0.04 
3.56 3.56 3.79 

20.99 20.9s 21.28 
5438 54.37 54.23 
0.39 0.39 0.37 
8.42 s-42 S.37 

0.42 0.43 0.40 

99.39 95.57 

0.09 0.09 0.09 0.09 0.10 
ND 0.02 0.01 0.01 0.01 
11.30 11.27 11.25 11.26 11.09 
ND ND ND ND 0.14 

0.12 0.13 0.14 0.16 0.11 
0.04 0.04 0.03 0.03 0.07 
3-76 3.75 3.67 3.66 3.93 

21-4s 21.56 21.00 21.89 20.82 
54.09 54.02 54.22 54-33 54.34 

0.35 0.40 ND ND 0.39 
s.30 8.26 8.15 S.13 8.44 
0.40 0.40 0.40 0.40 0.46 

95.41 98-26 
-- 

97.74 97.59 99.61 
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Table V also includes results of analyses of the triacylglycerol primary standard on 
Carbowax 20M and Silar 10 C columns, which are discussed below. 

The analytical results for the coconut oil FAME worked up by aqueous estrac- 
tion indicate excellent analytical reproducibility even after 80 injections_ As the re- 
sults in Table I for the primary standard similarly worked up by aqueous extraction 
show escellent agreement with the known composition, it was concluded that these 
results for the coconut oil FAME were also highly accurate. In contrast, injection of 
the whole reaction mixture led to more variable and inaccurate results. That these 
results are inaccurate is confirmed by similar deviations in the results for the corre- 
sponding primary standard reaction mixture given in Table V. 

Progressive deterioration of the system when the whole reaction mixture was 
injected was indicated by the generation of increasing amounts of the two unknowns 
indicated in Table IV (the first did not coincide with dimethyl succinate which has an 
equivalent chain length of about 12, but may have been monomethyl succinate). 
These compounds appeared in significant amounts from the second injection and 
soon increased to grossly unacceptable levels. If they were in fact stationary phase 
breakdown products, their formation may have occurred by way of methoside-cata- 
lysed depolyrnerization of the DEGS-PS with the release with each fresh injection of 
methoside of increasing amounts of both compounds as the overall estent of de- 
polymerization proceeded. 

Progressive deterioration of the system was further reflected in the decreasing 
accuracy of the results for the soybean oil FAME given in Table VI. Compared with 
the excellent reproducibility of the results following injection of the aqueous extracted 
coconut oil FAME. the latter goup are more erratic and show rapid loss of sade to 
an unacceptable standard ( < 99 9,). That the column had suffered permanent damage 
was indicated by the poor result for the recovery test sample. which was the last of the 
six consecutive soybean oil FAlME samples injected at the end of the series. The 
validity of the data was confirmed by the excellent result obtained for the soybean oil 
FAME at the end of the series on a new column. 

Surprisingly, only minimal evidence of column deterioration is seen in the 
chromatographic parameters given in Table VII. which remained almost constant 
except for a slight increase in the tailing coefficient of 18:3 for the second group. This 
possibly explains the literature reports that no loss of resolving power was apparent 
using direct injection techniques_ Visual inspection of the chromatograms, however. 
showed that tailing of the major peak, 18:2, increased to the extent where 20:0 was 
not resolved, as indicated in Table IV, with consequent loss of accuracy of the results. 
From the above, it was concluded that an analysis may suffer quantitatively from the 
direct injection of the whole reaction mixtures while not necessarily showing obvious 
qualitative deterioration in the chromatograms. 

The results of analyses of the whole reaction mixtures for coconut oil FAME in 
Table IV and for the primary standard in Table V are characterized by a relative 
increase in the short-chain esters and a corresponding decrease in long-chain esters. 
We have already indicated some possible ways in which methoxide could interfere 
when using a polyester stationary phase; however, the results in Table V further 
indicate that similar disproportionation occurs when other kinds of stationary phases 
nre used. In order to account for this, it would appear that the principal dispropor- 
tionating mechanism is soap formation between methoxide and the FAME in the hot 
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injection zone. Thus, transesterification of FAME with the stationary phase would 
not be expected with Silar IOC and should be negiigible or greatly reduced with 
Carbowax 20&l, and the observed disproportionation seen with DEGS-PS shouId not 
have occurred with these phases. Similarly, a mechanism involving isomerization of 
polyunsaturated fatty acids should have had no effst on the results for the primary 
standard which contains only saturated fatty acids. To account for the observed 
disproportionation, it is likely that soap formation occurs to a greater extent with 
Iong-chain esters because of their expected longer time of residence in or near the 
injection zone compared with the short-chain esters. 

A procedure for the rapid methoxide-catalysed methanolysis of neutral fats 
and oils which endeavours to utilize favourable theoretical considerations together 
with the best features of the many literature methods and which is faster and simpler 
than the presently described international procedures was evaluated_ Excellent quan- 
titative results were obtained in the difEcult case of a triacylgiycerol primary standard 
mixture which simulated coconut oil, and results obtained for a soybean oil sample 
were identical with those obtained after methylation with boron-trifluoride-metha- 
nol. Evidence is presented that the reaction is complete after about 30 set of reflusing 
under the conditions described_ The ester solution is ready for injection into the 
chromatograph in about 2 min, and the method should be particularIy suitable for 
routine use in the fat and oil industry. 

The method includes an aqueous extraction step which we believe should 
necessarily be included in any procedure using methoside. Thus, evidence if presented 
of the damaging effect of methoside on quantitative results even though there may be 
little evidence of coIumn damage indicated by chromatographic parameters. 
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