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The reaction mechanism of the formation of fatty acid 216

methyl esters

by Dr. M. Jaky

From the Agricultural Research Institute, Iregszemcse, Hungary.
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Abstract " Reaction Mechenism in the Formation of Methyl Esters of
Fatty Acids )

The studies showed that methyl esters of fatty acids are
formed exclusively in the hydrolysis of fats under definite
conditions of reaction, Methyl esters are formed within a few
seconds by treating triglycerides with alkaline methanol in
homogeneous phase. If mineral acids are used as catalysts,
the formation of esters from fatty acids and methanol is very
rapid even at low temperatures. The author has reported two
rapid methods for preparation of methyl esters of fatty acids
which are especially suited for esterification and gas chromato-
graphic investigation of polyenoic fatty acids.

_ The formavion and preparation of fatty acid methyl
esters has been investigated in the past by numerous workers.
whis subject has become currently important especially since

fas-chromatographic methods for the study of fatty acids

have become so widespread; in the gas-chromatographic analysis

o favvy acids, it is the methvl _esters of the acids that are .

used  (1-13). The present work deals.with the trans-esterifica-
tion and hydrolysis mechanisih of fats, as well as the preparation

of fotuy acid methyl esters by practical methods; in addition,
esterification of sensitive polyunsaturated fatvy acids

can be carried out wivhous decompositvHEpiTED TRANSLATION
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iwo methods were chosen for the studies. In the
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first method, trans-esterification of natural fats to methyl
esters was carried cut by a cold process. In the second
method, natural fats were firstlsaponified by a cold process,
the free fatty-acids separated, then finally the methyl

- esters prepared by a cold esterification process. In the
first method, vhat of R. Henrique (14), the fats were comp-
letely saponified in a homogeneous alcoholic alkaline solution
~ within a specific period of time even without mixing. This
process_takeé place quantitatively with the use of a corres-—
ponding exzess of alkeli so that cthe saponification number
(KBcvvsdorfer number). can also be determined in this way.

For the experiments carried outv in the present work the
procedure of R. lenrique was modified. For -vhe saponification
R.. Henrique used an ethanolic 1 N sodium hydroxide solution.
Three to four g§a§§ the fat under study were dissolved in

25 ml. pecroleum ether and 25 ml.. of an ethanolic 1 ¥ sodium
hydroxide solution added. In this method the sodium hydroxide
concentravion of the solution amounted to 2% and the sodium
hydroxide excess was ca. 50%. This excess is sufficient

for compieteksaponifiéationpyﬁhe saponificavion reac.ion

can slow down in vhe final svages of 'saponification. In add-
ivion incomplete mixing of the pevroleum evher and ihe

1 N sodium hydroxide soluvion made up in 96% alcohol acc—
ording vo the original procedure,, can occur, so chat uhe:
saponificacvion does not go cvo completion.

- In our own studies, the method of R. Henrique was
modified so thav pure fresh fat was first dissolved in
peroxide free ethyl ether, then 5% potassium hydroxide in
absolute methanol added. Finally the votal mixture was
shaken, producing a homogeneous solution. In such a solution
complete saponification of vhe fat occurs at room temperature
within a specific period. of vime. As described bélow,
the saponification takes place faster if one employs 10%
potassium hydroxide dissolved in absoluce alcohol.

_ Fortini, Anderson and Brown established many years
ago that in the hydfolysis of fats and alkalies in alcoholic
sclution, fatty-acid methyl esters and ethyl esters were
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always formed as intermediate. depending upon which alcohol
was used vo dissolve vhe alkali. This was later also demon—
svrated in vthe experiments of Yoyama, ''suchiya and Ishikawaj
the authors, however, did not reveal how rapidly uvhe ester
formation (trans-esterification) vook place or whether iv
occurred selectively oI note

For saponification in alcoholic soluvion raw,
fresh and filtered sun flower oil,, obtained by pressing,
was used. The process of hydrolwsis was studied as a funcvion
of time wivh identical concentration and temperature cond-
ivions

Method -

0.2 g« freshly pressed sunflower oil was weighed
out in a vest-vube, dissolved in 2 ml. peroxide-free ether
and mixed with 2 ml. 5% methanolic povassium hydroxide
solutione. 'the trans—esterification or hydrolysis was inver-
rupted at specific vime intervals, when 2 ml. water were
added to the homogeneous solution. The reaction mixture
separated into two layers. 'the ether layer contained any
cil which remained unaltered and tvhe methyl esters formed,
while vhe hydrolysed fatty-acids in the form of potassium
soaps are contained in the aqueous methanolic atkaline
layer. Aftver a reaction time of 1,5 and 10 minutes, then
finalLyIL nr. she crans-esverification or hydrolysis was
interrupted and the contentv of methyl esters orf?évuy-acid
content was determined. 2 ml. petroleum evher was then added
to the reaction mixture and the two layers sepmrabted in the
separatory funnel. The ether-petroleum ether layer is washed
with water and used for further investigations (thin~layer and
gas chromavography). the lower agueous. layer containing
methanol was shaken with 5 ml. petroleum ether and the
separated aqueous methanolic layer was finally heated to
50-60 °C.. On addition of hydrochloric‘acid the fativy-acids
were obtained, then taken up in 4 ml. petroleum ether and
used in chromavographic studies.. ’
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In Figurss 1 ©o % the experimental resuluis are given.
From Fig. 1 it can be seen vhat the urans-esterification
in homogeneous phase begins wivhin a few séconds at room
'temperature. Figs. 2 and 3 show that vhe vrans—-esterification
of sunflower oil vakes place selectively and the sapqon— 218
ification of the methyl esver begins in tvhe first 5
minutes after vermination of the trans-esterification.

Fig. 4 shows the progress of the trans-—esterification and
hydrolysis. The process of hydrolysis:does not take place
completely linesrly. For the experimental conditions
chosen, 50% of the fatty-acids are present after ca. 7
hours hydroiysis; a. complete saponification occurs between -
the 40th and 4lst hours. _ :

In a further series of experiments a 5% alkali
concentration was used (Fig- 5). Fig. 5 shows that the
curve is steeper. The formation of the methyl ester re~
quired approximately the same time as for an alkali conc-
entration of 2.5% ; complete saponification occurred
in this case however,; after ca. 21 hours. 50% fatty-acids
had formed afver ¢a.. % hours. ' ' :

A further study was made: in order to ascertain
whether and how much the ratio of individual cowmponents in
the fatty-acid compogition of the meﬁhyl esters, which
remained behind with progressive saponificavion, alvered
“dﬁring the saponification. These studies were carried
ouv wivh the DDR-gas chromatograph Giede f (Chromosorb 4
v, 60 mesh, impregnated with 15% diethyleneglycol sucoinabé;;
flame ionization detector, with argon as carrier gassy .
vemperature: 180 °C ; gas flow velocity : 40 ml./min.;.
amount of substance = 002/M1.)- For the gas chromatography
experiments we used the same sunflower oil esters having
various degrees of saponification, which gave vhe results
given in Figs. 1 o %. The results obtained by gas chroma-
vography are given in vable 1.°

On the basis of the dava given in Table 1 it
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. Fige. 1. Urans~esterification of sunflower oil
with methanol’'in homogeneous soluvion at 20°C; alkali
concentration: 2.5%
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Fig. 2. Thin-layer chromatogram of sunflower
0il vrans—esterified with methanol in homogeneous
soluvion at 20°C ( alkali concentration: 2.5%) ;.
a: triglyceridessy b: fatty-acid metvhyl ester; Carrier
phase: silica gel G by Stahl's method, 0.3 mme.;
mobile phase: petroleum ether + ether + glacial acetic
acid = 90:10:1 ; stained with iodine vapourj; amount
applied: 500 ¥ _
l. reacvion time: 1 min.j; 2. reaction time: 5 min.;‘

3. reaction time: 10 min.y 4. reacvion time: 15 min.;
5. reaction vime: 20 min.j; 6. sunflower oil.
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'Fige 3. Thin-layer chromatogram of the-hydrolysedA
methyl ester. l.reaction vime: 1 min.j; 2. reaction time:
5 mine; 3%. reacvion time: iOmin,; 4, reaction btime:.

15 min.; 5. reacvion time: 20 min.; 6. fatty-acids from
sunflower oile -
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Fige 4. Trans-esverificavion and saponification

of sunflower oil av an alkali concenuvration of 2.5%.

1. sunflower oil 2. reaction vime: 5min.; 3,, reaction
timer 20 hours § 4. reaction vime: 40 hours j 5. reaction
time: 41 hours
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Fig. 5. Trans-esterification and saponification

of sunflower oil at an alkali concentration of 5.0%

l. sunflower oil

2. reaction time 5 min.
3. reaftion time 10 hrs.
4. reaction time 20 hrs.
5. reaction time 21 hrs..

_ Table 1. Fatty-acid composition of the methyl
esters of sunflower oil after different periods of
saponificatione.

Sample Duration of - Fatty-acid Composivion (%)
- Saponification Palmitic  Stearic Oleic  Linoleic
acid acid acid acid .
i 1 min. 4.9 3.9 19.3 7L.9
3 50. min.. 5% 3.9 19.3% 7242
-6 2 hrs. 5.0 4.0 19.6 7L M
9 10 hrs.. 4.7 4.4 19.7 71.2
10
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appears c¢hat wiuvh progressive saponification, the fatuy—
acid components «f the methyl esters.are saponified corr-
esponding to their percent content; that is,for the hydr01731s
of fayvy-acids of various chain lengths and differing

degrees of savuracion no selectivity was observed.

In additional experiments we were concerned with
the traﬁsmesterification to methyl esters of the free
favty-acids, obtained by the method of Henrique.

is already mentioned,:uhe cold saponification
in alcoholic medium vakes place quantitatively within
several hours. If the alcoholic-ether solution of the
saponified fat is. diluted with water (for this purpose,
in the ratio 1l:1), then the ether phase separates from
the soapQCOntaining aqueous methanolic layer. The ether
phase contains the unsaﬁonifiable part of the navural fat
such as sterols, vitamins, lipochromes hydrocarbons euc..
By further extraction of the agueous methanol'phase with
sufficient pevroleum ether, one obvains in the usual way
fatty—-acids of high purity from the soap solution. It is
possible to separate the *%tty—301ds by a cold method.,

In this case as well, freshly-pressedor extvracted sunflowexr
oil serves as starbing matverial. On the basis of~earlier
observations the fatty-acids, prepared by us by a careful
method, were esterified by a cold mevhod to methyl esters
,ahd the mechanism of esterification studied. We establish-—
ed earlier that the pure fatty-acids dissolve easily 219
in methanol and ethanol and with the addition of a small
amount of hydrochloric acid or sulfuric acid, ester
formation takes place even at room vemperature. With the
addition of a greater amount oI nydrochlorlc ac1d, the
esterification occurs more rapidly.

Yor the solution of vthe pure fatty—-acids we
generally used absolute methanol. To vary the hydrochloric
acid concenvracion, absolute meéthanol was saturgbted wich
hydrogen chloride gas.. In aliquots of a solution of known

standardized concencravion, the decrease in the amount
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~of free fetvy- ccid was monivored by citravion wiuh

C.1 II methanolic potassiun hydroxide at specific iime
invervels; wiaen applicable, he amouny ol favvy-acid

nevhyl esver forwed was calculaved.. wvhe experimental

- restlus are given in Figs. 6 and 7. Iuv is seen from

{
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Concentravion

)

-4

time (days)
Fige 6. Convorsion of sunflower oil fattw acids to Lhe

corresponding methyl esters in methanolic solutions fattv-acid concene
8.6 (vol./g.*). 1.80luvion withoutv HCl; 2. Soluvion . .
with traces of HCl.

Fig. 6 vhat 5% of the free fatty-acid is already converved
invo methyl esver afver 2.days, and 15%, after 7 days.
Accordingly mere traces of hydrochloric dcid canse.
esterificavion. On the basis of vhe curves in Fige 7,

it can be established vhat the rate of esver formetion
increases suddenly witvh increase in hydrochloriglacid

concentratvtion. While uvraces of hydrochloric aciid resultb

in only aboutv 10 vo 15% esver formation, vhe reaction
proceeds almost quanvivatively in 1 1/2.hours at a Conce
‘entration of 0.2 hydrochloric acid. At a hydrochloric acid
coricenvration of 0.42% quanuvitauvive ester formatvion was
observed after 1/2 hour ; at a hydrochloric acid conc-
entration of 2.3%, even afver 20 min. The progressfof react—
ion is also clearly visible in Figs. 8 t0-.10.

" Discussion of Results

On the basis of vhe experimental results the
following conclusions about the mechanism of hydrolysis

¥I'ranslator's note: this is more likely g./vol.

\

e

g i e e 1o

NP Hosiisariaonioy e

L3
i
3
‘1
i

4
e 2

1
o ]
X

i
Lt




HCl concentratlon 2.3%
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: Fzga 7. Conversion of fatty-acids from sun-
: " Lflower 011 to the correSpondlng methyl esters in methanolic.
| _solution at various concentrations
p 43
: I‘ Fatty—a01d concentration 3%.9%
o A HGl conoentratlon 0.2%
; - II. Fauhy—uCld concentration 2.8%
g ‘ HCl concentratlon 0ol
f III. FaLny-acmd cohcenbratlon 10.0%
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‘Pig. 8. Thin-layer chromatogram of reaction
products obtained on conversion of sunflower oil
fatty-acids to the corresponding methyl esbters in
methanolic solution after.speoific time intervalsi
(fatbty—acid concentration 3%.9%, HCLl concenvration 0.2% );
ar free fatty-acids ; b: favty—acid methyl ester

l. reaction time 10 min..

2. reaction time 20 min.-

3« Teaction time 30 min.

4, reaction time 40 min.

5. reaction time 50 min.
. Treagction time 60 min..
Ve reaction time 90 min.

8. reaction time 24 hrse.
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Fige 9. Thin-layer chromatogram of reaction
products obtained on conversion of sunflower oil

- favty-acids to the corresponding methyl esters in

methanolie soluvion after specific time intervals
(fatty—acid concentration 2.8%; HCl concentration
O.4%)4 a: free favuy~acids j; b: fatty-acid methyl
ester. . 4 ' ’

1. reaction time 10 min.

2. reaction time 30 min.

%.. reaction time 90 min.

4, reaction time 180 min.

5. reaction time 24 hrs.

6. fatty-acid methyl ester
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Fig. 10. Thin-layer chromavogram of the reaction
'products obtained. on conversion of sunflower oil
fattynacids to the corresponding methyl esters in
‘methanolic solution after specific time invervals
(fatty-acid concentration 10.0% 3 HC1l concentration
2.3%). a: free fatuy-acids ; b: triglycerides 3
c: fatty-acid. methyl ester.

1. sunflower oil

2« 0ily layer appearing after 10 min.

%+ clear methanol.solution ( after separation

of o0ily layer ). .
4. fatvy-acid methyl ester..
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of sunflower oil may be drawn. The observation by Forvini,,

Anderson and Brown, vhav favvy-acid ethyl esters and

methyl esters always arise as invermediates in the hydrolysis
of favus carried ouv with alkali in alcoholic solution

is actﬁally confirmed. From our own svudies it wes shown

thatv the hydrolysis of fats proceeds exclusively via
fasty-acid esver formation; that is , that the triglyceride

.is quantltatlvely trans-esterified w1vh1n seconds to

the fatvty-acid mevhyl ester or ethyl ester (Fig. 1)

in alcoholic alkuline soluvion and in homogeneous

phasey these derivatives are saponified by the action

of alkali. On the basis-of tvhese facts, the cld observavions
that saponification proceeds much more rapidly in

alcoholic solution than in aqueous solution, can also

.be accounted for. The fatty-acid esters are saponified

considerably more quickly vhan trigycerides (av boiling
Lemperature even soda solution causes saponification).
The hydrolysis of faus under the given condivions
proceeds accordingly in two steps:

' ' - 20°C _
l. Trigyceride + alcohol + KOH > Fatoy-acid ester
: homogeneous +_glycerine
-phase ,
20°C

2e AlCOhO]1C favosy-acid ester + KOH -~ Potassium salt
homogeneous of fatty-acid
phase: + alcohol

_ In the first reaction step the base acts accord-
ingly only as a catalyst, and the trigyceride is trans-—
esterified wivhin seconds; in fact, in this way the

di- and mono-glyceride are never found present as
invermediates. In the second reaction step, the hydrolysis
of the alcolholic ester of the fatiy—acid tvakes place

- with the excess base. This second reaction step lasts.

a longer time in homogeneous phase at 20°C (Figs.. 4 and 5).
The time-dependent process of trans—esverification

of sunflower o0il was cavalysed in the same way by the

two base concentrations used in tvhe experiments;'the_
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transformation invo methyl esbters occurred within seconds
in both cases. On the basis of this.knowledge it is
possible to vprepare methyl esters from natural fats
by a mild process using a cold method within minutes.
These can then be used for gas—chromabooraphmc studies
or for preparatvive purposes.

The new technique described in the experimental
part was also suited to provide an answer to the question
of whether the saponification of palmitic~, stearic-,
oleic~, and linoleic~methyl esters  'proceeds selectively
or- correcponding to the percent content of the fatty—
acids mresent. The dsbta given in able 1 . show clearly
that no significant difference is observed between the
fatty-acid composition of the sample taken at the bteginning of
Jhe ester formation and the fatty-~acid A '
composivion of the sample taken after specific reaction
periods. Accordingly, the saponification of vhe methyl
" esters of the fatty-acids arising from sunflower oil
'proceeds unselectively in alcd"holic solution and homo-
geneous phase at roon tomperauu e3 that is, the original
fatuvy-acid composition is maintained until hydrolysis
is complete. In the sample investigated the proportion
of the four different fatty-acids did not alter during
the hydrolysis. '

' In the second part of the present work, the
mechanism of esterification with me thanol of sunflower

0il facty-acids, prepared in high purity by the cold
method, was studied. . © o0 It was observed that
methanol is a good solvent for favoy-acids. If it contains
only vraces of mineral acid (hydrochloric acid, sulfuric
adid, etc.) ester formation occurs between methanol

and the free fatvy-acids.-

The rate and degree of completion of the reaction
can be substantially increased by increasing the
hydrochloric acid content of the methanol. While traces
of hydrochloric acid cavalysed the methyl ester formation
only to 15-20% even after a period of days, the reaction
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part of the fat under study amounts to about 1 to 5%,
- Then the alkaline esterification method discussed

-

, 16
piroceeded almost quantitatively with a hydrochloric
acid content of 0.42¢ even within 1/2 hour. Methanol
solutions which contained 10§ fatuvy-acid and 2.3%
hydrochloric acid became cloudy after a few minutes,
and a separate o0ily phase could be seen which was shown
to be pure fatty-acid methyl ester (Fig. 10).

In addition, we studied the fatty-acid composition

- of the methyl esters prepared by esterification of

free fatty-acids using a cold method. ~ The

same results were obuained as with vhe trans—esterificavion
or partvial hydrolysis of methyl.esters,‘Accordingly,

the ester formation' did not proceed selectivelw, but in
proportion vo the original fatty— .acid composition.

This knowledge is important also from a pracvical
viewpoint. One need not wait for the completion of the
ester formation in mevhanoly; the esterification can,
for example with a high hydrochloric acid concentration
(1-2% hydrochloric acid, g./vol.) be inverrupued
even after 1/2 hour and the fatty-acid mevhyl esters
formed then?ﬁsed for gas~chromatographic purposes.

The esterifacation by a cold method is especially

useful if tvhe lipoids studied contain a large Efoportion
of unsaponifiable producis such as cholesterol, A
lipochromes, hydrocarbons etc. If the unsaponifiable

>

in the first part of the work is more advantageous.

~ s ~
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