THE CHEMICAL PROCESSES ACCOMPANYING
THE HYDROGENATION OF FATS
III. GLYCERIDE ISOME RIZA TION

A. I. Glushenkova and A. L. Markman UDC 665.3/35,665,335.9.66.094.1

It is known from literature sources that the hydrogenation process must be accompanied by glyceride
isomerization i.e., by intra- or intermolecular transesterification of the glycerides. However, no experi-
mental facts confirming this assumption have ever been given. In particular, B. N. Tyutyunnikov, in his
monograph [1], writes: "Because of the high temperature of the fat and the influence of the catalyst on hy-
drogenation, the transesterification of the glycerides may take place with a change in their composition in
accordance with the statistical distribution of the fatty acids present in the fat and those formed in the hy-
drogenation process. This question is complex and little studied and at the present time there is no reli-
able information on the intensity with which this process occurs."

We have resolved this question experimentally. The results of the experiments are given in the pres-
ent paper (Tables 1-3).

It can be seen from a comparison of the figures of Tables 2 and 3 that the glycerides contained 30.3%
of solid high-molecular-weight acids (P), and they are distributed in such a way that 37.31% is in the a,0"
positions and only 16.27% in the B position; in agreement with this, of the unsaturated acids (O +L) there
is 83.73% in the B position and 62.69% in the o, &' positions.

These values relate to a sample taken at zero time containing a small amount of hydrogenated fat
added to the oil together with the catalyst. These figures, relating to the native oil and characterizing the
distribution of the saturated and unsaturated acids between o, and £ positions, once more confirm the
predominant concentration of the unsaturated acids in the £ position.

If the central position in the triglyceride molecule is occupied by the acids of group P (16.27%), to
the left of it there may be the acids P, O, or L in a ratio of 37.31:15.45:47.24. The amount of 16.27% (in
the same ratio is distributed in the three subgroups as follows: PP =16.27 X 0.3731=6.07; OP =16.27 X
0.1545=2.51; LP =16.27 X 0.4727 =7.69.

TABLE 1, Fatty-acid Composition of the Initial Oil and the Hydro-

- Initial oil 1st s'ample after | 2nd sample after | 3rd sampie after
: 0 min 10 min 30 min
Acid I No. 107,84 | 1 No.100,66. | I No. 96,66 T No. 93,61
triglyc- |mono- |triglyc- | mono- |triglyc- |mono- |triglyc- |mono-
erides | BlYS- lerides glyc-  lerides glyc-  lerides glyc-
erides erides erides erides
|
. 0,13 0,65 —_ Traces - _ _ _
Qo0 o9 | oy | = | Z Z _ Z
Crae | 081 0,17 0,94 ‘ 0,90 0,97 0,95 | 0,95 1,00
Cicso | 22,77 2,62 24,38 | 11,67 24,35 31,18 4,91 20,31
Cis: 1 2,26 0,71 Traces 0,93 | Traces | Traces | Traces | Trace:
Cino | 2,19 — 4,98 { 3,70 | 4,48 | 838 | 4,9 | 6,M4
Cisar | 1831 | 22,54 | 18,68 | 24,22 | 25,48 | 24,% | 25,66 | 23,91
Cigsa | 93,44 73,13 51,02 | 58,58 4.1 33,82 43,58 32,02
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TABLE 2. Amounts of Acids In each of these subgroups to the right of the central P
by Groups there may again be either P or O or L, and again in a ratio of
37.31:15.45:47.24.

P ‘ (2] | L
Triglycerides By distributing the precentage content of each of the sub-
Crso| 0,94 Coo] O | Cip:0}51,02 groups in this ratio, we obtain the total glycerides, consisting
Cigio [24,38{Cyaief 0 | — 1} — of 18 types:
Cis:o | 498 Cioa1|Tracd — | — Glycerides % Glycerides % Glycerides o
Cg1|18.68) — | — PPP 2.2 OPL 2.38 000 0,60
PO . 3.6 OOL 3,68
Total [30,30]  [18.68]  |51,02 PPL 5.72 pPOO 2.90 oLo 1.40
; POP 3.50 POL 8.86 OLL 8.54
Monoglycerides PLP 8.16 PLO 6.76 LoL 5.61
Ciazo] 0,90| Cpe,] 0,93] Cy.,58,58 0OPO 0.39 PLL 20.66 LLL 13.07
Cie:011,67) Cyp.y[24,22) — | — . . . .
Ciaro] 3.7 — | —| —| — The Cyp;q2nd Cyy,acids are arbitrarily included in the
- unsaturated acids and, if the results of the position isomerism
Totallig,271 25,15  |s8,58

of the fatty-acid radicals are considered, six types of glycerides
are found, while if these results are not taken into account four

TABLE 3. Amounts of Acids in the )
types are fouad.

«,a' and the £ Positions

Composition Fore | 2 | o L The glyceride compositions of the hydrogenates taken 10
and 30 min after the beginning of hydrogenation were calculated
Triglycerides a |30,30|18,68| 51,02 similarl
Triglycerides x 3 3a |90.90|36.04 (153,06 g
Monoglycerides b 116,27125,15] 58,58

The iodine numbers of the three samples mentioned above
Difference 32— |74,63]30.89 (94,48 were, respectively, 100.66, 99.66, and 93.61. These iodine num-

. , 3a—b _ bers show that during the first 10, and even 30, min the addition

o, -Diglycerides 7| 37,311 15,4947, 24 of hydrogen takes place very slowly, while, as can be seen from
' Table 4, the migration of the fatty-acid radicals takes place ex-

TABLE 4. Group Compo- tremely intensively. Under these conditions the content of tri-

sition of the Glycerides saturated and also of triunsaturated glycerides remains almost
Amis, of glycerides unchanged during a half-hour (within the limits of error of the
i‘:i‘é“gcg:‘mf“%“ experiment); the amounts of disaturated-monounsaturated and

Glycerides | time from beginning monosaturated-diunsaturated glycerides also remain constant;
;fi}r‘lydme"“m“' within the limits of each of these two latter groups the ratio of

0 0 | = the position isomers changes. Thus, in the GIS,U group the

GIssS - | amount of GISSU rises from 7.60% to 16.12% and GISUS falls

GISSU 3:58 1%{%! ”2;:?3 from 11.66 to 3.25%, while in the G1SU, group the amount of

GISUS 11,66| 3,281 3.25 i

e 3058 o e GISUU falls from 39.18% to 20.46% and GlUSU rises from 6.40

GlUSU 6,40 (24,37 125,39 to 25.39%.

GIUUU  |32,9033,77:32,22

These results enable us to determine whether the trans-
esterification process has the nature of an intermolecular or an
intramolecular reaction. With any intermolecular exchange of radicals the amounts of GIS;, GIS,U, GISU,, and
GlU; must vary, and only with intramolecular exchange will these four components be constant. Single-acid
glycerides remain the same with any intramolecular transfer of acyl groups while two-acid glycerides under-
go transformations; however, their sum remains unchanged. This shows that the glyceride isomerization
of fats accompanying the hydrogenation process takes place as an intramolecular reaction,

In addition, we have calculated the amounts of saturated and unsaturated radicals in the glycerides in
the o,a' and the 8 positions. In the first 10 min the ratio of the number of S acyls in the o, o' positions to
the number of the same acyls in the B position changed from 4.59 to 1.13 (decreased by a factor of 4); the
same ratio for the U acyls rose from 1.5 to 2.63 (by a factor of 1.75). In the next 20 min, these ratios de-
creased by a factor of only 1.04 for the S acyls and increased by a factor of 1.03 for the U acyls; i.e., the
position was almost stabilized; the migration process had approximated to a state of dynamic equilibrium.

If the isomerization of the glycerides led to a redistribution of the acyl groups according to the laws
of probability, the process would give rise to a ratio of the S radicals in the o, and the £ positions of 2
and to the same ratio of U radicals. Nevertheless, as can be calculated from the figures in Table1, under
the conditions of our experiment this ratio tends to 1 for the S radicals and to 2.75 for the U radicals. The
reason for this departure from the probability law of distribution still remains unclear.
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CH CH CH We obtained similar results in the experiments
performed with the same disperse Ni— Cu catalyst

" Chy RGGOCH, | o, RyGOD, | 04, at 80 and 100°C, with Al—Ni— Cu and Al—Ni— Cu~-Cr
. R 0 g ] alloy catalysts at 120°C and also with a palladium

A ' ' | catalyst on a support. In all cases, the same intra-

0 i 0___ ,ﬂ-—~]—c molecular glyceride isomerization was found. How-

g B/ ﬂ/ "0‘ G/_ ——a ever, any fact increasing the intensity of the hydro-
VA 7 genation process (the temperature and the activity
R, R, and amount of catalyst) makes it difficult to follow

CH, 0-GO-R, GH,-0-00-R, the course of isomerization; nevertheless, the gen-
! eral tendency of the accompanying processes that

was found at 120°C is also observed at 150°C and at

180° C during the first 5-10 min of the reaction.

[l}H-[]'Gl]'Fl2 - ?H-U'CU'Rt
GH, 0-C0-R, CH, G- 50-R,
Fig. 1. Scheme of glyceride isomerization. We shall explain the mechanism of glyceride
isomerization, like the processes of geometrical and
UI GE position isomerization (5], on the basis of A, A.
| I Balandin's multiplet theory [6]. It can be seen
Gi‘ Oﬂ from the scheme (Fig. 1) why the transesterifica~
tion reaction takes place as an intramolecular re-
Fig. 2. Index group of the process of glyceride action. However, intermolecular transesterifica-
isomerization. tion, as well, is not excluded although it appears
considerably less probable because of the conditions
of steric hindrance.

To calculate the energy relationships we started from the sequence of processes taking place within
the limits of the index group (Fig. 2): the cleavage of the CI—OI and CH—OII o bonds and the creation of
new C1-OI and C1-0I bonds. From this it is quite natural that the sum of the energies of the bonds cleaved
is equal to the sum of the energies of the newly formed bonds; the same applies to the sum of the energies
of the adsorption bonds.

The calculations were based on the following indices:
Qc_o=85.5; Qc.y = 14.0; Qp_n; = 48.5 keal (7],
Hence, the energy of formation of the complex assumes the form
E'=—2Qc_o + (2Qc-nt +2Q0_n; ) = — 46 keal.
The energy of the decomposition of the complex E"=46 kcal, and the heat effect of the reactionU =0,
The sum of the energies of the reacting bonds
S =4Q¢_g = 4+85.5= 342 kcal;
and the adsorption potential of the catalyst
§=2Q¢_ni + 2Qo_n; = 125 kcal.
The condition expressed by the equation
lo- 1<
is not observed here:

5 32

2 >0.

The energy threshold E' =46 kcal. However, in view of the fact that the redistribution of the bonds in
the complex takes place not only after their cleavage but also as a result of their weakening, the true activa-
tion energy [8] can be written as

E=A - E=11,5-0.25-46 =0

Thus, the reaction proves to be completely justified from the energy aspect.
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EXPERIMENTAL

Cottonseed oil was hydrogenated at 120°C in the presence of a disperse nickel —copper catalyst (1:1)
prepared by precipitation from a solution of an equimolecular mixture of the sulfates of these metals with
sodium carbonate and subsequent reduction of the carbonates in oil at 200°C. The amount of catalyst used
was 0.2% of combined metals on the weight of the oil undergoing hydrogenation. Since a small amount of
hydrogenated oil with an iodine number close tozero, formed in the process of reducing the carbonates,was
introduced into the hydrogenation flask together with the metals, this mixture, similar in composition to the
oil, but with a somewhat higher amount of saturated fatty acids, was regarded as the initial material. Thus,
the first sample of oil was taken at the beginning of hydrogenation, and then samples of the hydrogenates
were taken 10 and 30 min after the beginning of hydrogenation. All three samples, after transesterification
and conversion into the methyl esters, were analyzed by gas-liquid chromatography to determine their fatty-
acid composition.

We subjected a part of each of the three samples taken to enzymatic hydrolysis, using for this pur-
pose the lipase of the pancreatic gland of large-horned cattle [2, 3]. Since in this case hydrolysis took place
with the splitting out from the glycerides of the acyls in the «,a'positions, the main hydrolysis products
consisted of the f-monoglycerides. Their transesterification once again gave fatty acid methyl esters.

To simplify the calculations, the acids present in the glycerides were divided into three groups (see
Table 2).

Palmitic Acids (P). These include the solid acids’ (under the living conditions of the plant during the
period of the oil-forming process): myristic, palmitic, and stearic. The name "palmitic" is used arbitrar-
ily from the name of the main component of this mixture of acids.

Oleic Acids (O). These acids include, in addition to oleic acid itself and palmitoleic acid, the low-
molecular-weight saturated acids present in cottonseed oil in extremely small amounts. Under the growth
conditions of the cotton plant (dry subtropical zone) these acids are liquid and behave similarly to oleic
acid.

Linoleic Acid (L). This includes only linoleic acid itself (L).

Then, by Coleman's method [4] the percentages of the acids P, O, and L in the o,o' positions in the
glycerides of the samples that we took were determined (see Table 3).
SUMMARY

It has been established that the catalytic hydrogenation of a fat is accompanied by its glyceride isom-
erization (transesterification), which is particularly pronounced in the initial stage of the process. Trans-
esterification takes place as an intramolecular reaction.
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