
PHYSICAL MEASUREMENT OF LIPID OXIDATION 

TABLE I 

Correlations between Analytical Values of Rice Bran oil  and Double-Fractionated Palm Olein 

Double-fractionated palm olein 

Polar Dielectric Refractive Polymer 
Rice bran oil components constant A232 A2+ 8 index content 

Polar components - 0.981 0.928 0.827 0.953 0.877 
Dielectric constant 0.984 - 0.952 0.883 0.977 0.909 
A232 0.904 0.964 - 0.972 0.889 0.774 
A2~ 8 0.971 0.988 0.947 - 0.821 0.711 
Refractive index 0 . 9 9 5  0 . 9 9 3  0.927 0 . 9 7 6  - 0.975 
Polymer content 0 . 9 9 5  0 . 9 7 5  0.882 0.974 0 . 9 9 0  - -  

1489 

po lymer  and DF palm olein only 9%. As shown in Figure 5, 
the po lymer iza t ion  occurred more  rapidly in rice bran oil 
than in DF palm olein. 

A m o n g  analytical  me thods  tested, conjugated diene con- 
tent ,  refractive index and po lymer  con ten t  discriminate 
clearly be tween  the  two  oils after 10 hr  heating, whereas 
oxidized polar  componen t s  and dielectr ic  constant  do not  
discr iminate  each o ther  even in absolute  abuse level. 

The correlat ion coeff icients  be tween  every two analytical  
values were obtained by linear regression analysis and are 
given in Table I. In the  case of  rice bran oil, polar  compo-  
nents,  dielectr ic  constant ,  refractive index and po lymer  
con ten t  were  shown to have a high correlat ion.  Dielectr ic  
constants  especially appeared to possess correlat ion coeffi-  
cients o f  0.96 or higher wi th  all methods.  In the case o f  DF 
palm olein,  polar  componen t s ,  dielectr ic  constant  and 
refractive index were  shown to have relatively good correla- 
t ion.  However ,  spectroscopic  me thods  measuring the  exist- 
ence of  double  bonds  appeared not  to be suitable for  DF  

palm olein,  which is composed  of  less unsaturated fa t ty  
acids than is rice bran oil. 
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Mathematical Model for the Prediction 
of Triglyceride Molecular Species by High 
Performance Liquid Chromatography 
K. TAKAHASHI*, T. HIRANO 1, M. EGI 2 and K. ZAMA, Laboratory of Food 
Chemistry I, Faculty of Fisheries, Hokkaido University, Hakodate, Hokkaido 041, Japan 

ABSTRACT 

The physicochemical and[ theoretical relationships between the tra- 
ditional equivalent carbon number (ECN) and a proposed elution 
theory for triglyceride molecular species that has been expressed as 
a matrix model were demonstrated by multiple regression analysis. 
It was concluded that the ECN expression has two independent 
variables, that is, the total acyl carbon number (CN) and the total 
double bonds (DB), and one dependent variable, the relative reten- 
tion time (RRT). In the proposed elution equation, there are six 
independent variables, including the carbon numbers and number of 
double bonds in each acyl group to be considered. 

*To whom correspondence should be addressed at Laboratory of 
Food Chemistry 1, Facuh:y of Fisheries, Hokkaido University, 3-1-1 
Minato-cho, Hakodate, Hokkaido 041, Japan. 
1Present address: Hitachi Hokkai Semiconductor Ltd., Hakodate, 
Hokkaido, Japan. 
2 Present address: Kyowa Hakko Kogyo Ltd., Machida, Tokyo. 

INTRODUCTION 

Equivalent  carbon numbers  (ECN) or par t i t ion numbers  
(PN) have been widely  accepted as empirical ly derived values 
for determining the molecular  species of  tr iglycerides when 
using reverse-phase high per formance  liquid chromatography  
(HPLC) (1-7). The  def ini t ion of  ECN or PN is ECN(PN)= 
CN--2"DB where CN is the  total  acyl carbon number  and 
DB is the total  number  of  double  bonds in the molecule .  In 
addit ion,  a mat r ix  mode l  for the ident i f icat ion of  lipid 
molecular  species has been proposed  by the authors  (8,9). 
The  mat r ix  mode l  (For  ease in expressing the constants  and 
variables among the  acyl groups in tr iglyceride molecules ;  it 
does no t  fo l low mathemat ica l  operations.)  can be wri t ten  as: 

x dl I CN=pI.Iog(RRT)+qt CN= c 2 d 2 
c3 d3 
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c~ y 
DB=p 2.10g(RRT)+q2 DB= c 2 d 2 

c3 d3 

where RRT is the relative retention time, Cl, c2, c3 and d l ,  
d2, d3 are the acyl carbon numbers and the number of 
double bonds in each acyl group, respectively. In this ex- 
pression, x and y represent variables of acyl carbon numbers 
and number of double bonds, respectively; Pl and P2 are 
the slopes, and q~ and q2 are the intercepts on the ordinate 
of the semilogarithmic plots of the RRT's  against CN's or 
DB's. 

By the application of multiple regression analysis to 
retention results from standard triglycerides, we have been 
able to predict retention times of molecular species more 
accurately. 

METHODS 

The chromatograms of Perkins et al. (2,10) were used in 
this study. RRT's  of each peak on their chromatograms 
were calculated by  dividing the retention time of each peak 
by  that of triolein. Multiple regression analysis was per- 
formed against the RRT using a personal computer  Model 
PC-8001 (NEC, Tokyo).  

DISCUSSION 

Martin (11) formulated the equation: 

A~B/R. T=&#A/R. T+A#x/R. T, ln(o~B/aA)=A~x/R.T [ l l  

where A and B are members of a homologous series, differ- 
ing by the functional group X; a is the parti t ion coefficient, 
and A/~ X is the difference in chemical potential  of the group 
X in a polar or non-polar phase of the chromatographic sys- 
tem. It  follows that each functional group in the solute 
molecule contributes more or less independently to the dif- 
ferences in standard free energy of  the solute between the 
two chromatographic phases. Thus, in general, there is a 
linear relationship between in a or log a and the number of 
functional groups in a homologous series (12). By substitut- 
ing A in Martin's (11) equation with a triglyceride species 

c I dl c~ +X dl 
c 2 d 2 and B with c~ d 2 , or substituting A with 
c3 da c3 da 

ci d I cl dl +Y [ 
c 2 d 2 and B with c~ d 2 [, then X and Y will de- 
c3 d3 ca d3 

note functional groups. In simple triglycerides, X corre- 
sponds to the -CH2- unit and Y corresponds to the -CH=CH- 
unit. The chemical potential  of the triglyceride molecule is 
affected principally by  X or Y because an elongation of the 
hydrocarbon chain or an increase in the number of double 
bonds in the acyl group affects the RRT of each molecular 
species. Plots of  (empirically determined) log(RRT) against 
CN or DB on semilogarithmic paper draw ascending or 
descending straight lines (9). Though there is no doubt  that 
the chemical potential  of a triglyceride molecule is affected 
principally by the number of-CHz- units or -CH=CH- units, 
more precise concepts can be introduced. These include: 

(i) One hydrocarbon chain of the triglyceride molecule 
-CHz- and -CH=CH- can be considered as a physicochemical 
functional group. Adding the differences in arrangement of 
these units might affect the total  chemical potential  of the 
triglyceride molecule and should be considered. (We will 
call this the ~ factor.). 

(ii) Unless the three carbon chains are the same, we 
should consider differences between the positional isomers 
(i.e., binding position of the acyl group). 

(iii) Specific fat ty acids such as iso-, trans- or hydroxy 
fat ty  acids also should affect the total  chemical potential  
of  triglyceride molecule. 

For  the purpose of this discussion, we will not  consider 
(iii), because retention data on these triglycerides are not 
forthcoming. The chemical potential  (~) of  triglyceride ic ] % d 2 can then be written as follows: 

ca d 3 

p.=g I f(c, , d, , ~,, ), ]'(c2, d2, .O.2 ), f(%, d3, .O.,) f [2] 

where ~2 is the ~2 factor, f is the chemical potential  given by 
the hydrocarbon chain and g is the function of chemical 
potential given by the differences in positional isomers. 
Funct ion [2] sums up the chemical potential  of the triglyc- 
eride molecule, and therefore represents factors that control 
the sequence of elution on HPLC. 

In order to derive an ECN from function [2],  we shall 
neglect factor (ii), and suppose that  there is no contribution 
from positional isomers. We can rewrite function [2] as.' 

U=J'(cl , dl , I21 ) + ~(c2, d2, I22) + J:(c3, d3, I23) [3] 

In addit ion to this, if we neglect the ~2 factor, function [3] 
will become: 

#=f(ci , d I ) + f(c 2 , d 2 ) + f(c3, d a ) [4] 

A commutative law should hold at function [4] because 
positional isomers (binding posit ion of the acyl group) are 
not  considered. Therefore : 

#=f(c I +c 2 +c3, d 1 +d 2+d a) [5] 

=f(CN, DB) [6] 

Function [6] corresponds to the function for ECN. 
There is an empirically derived linear relationship be- 

tween the logarithm of the RRT of a molecular species of 
a triglyceride versus CN or DB when only one acyl group 
differs in carbon number or number of  double bonds (9). 
For ease of comprehension, a matrix mode has been used 
to exhibit this relationship. Mathematically, this can be 
written as follows: 

Iog(RRT) = PI "C1 + q, [1] 

Iog(RRT) = P2 "C2 + q2 [2] 

Iog(RRT) = Pa'C3 + q3 [3] 

log(RRT) = P~'.D 1 + ql '  [41 

Iog(RRT) = P2 "D2 + q2' [5 ] 

log(RRT) = P3'.D3 + q3' [6] 

where RRT is the relative retention time, C1, C2, C3 are 
the acyl carbon numbers (variable) in each acyl group. D1, 
D2, D3 are the numbers of double bonds (variable) in each 
acyl group. P~, P2, P3, Pl ', P2 ', P3' are the slopes (constant) 
and q l ,  q2, q3, q l ' ,  q2 ', q3' are the intercepts (constant) 
from the semilogarithmic plots of log(RRT) of each molec- 
ular species of  triglyceride against CN and DB. 

By adding both sides of  equations [1] through [6] : 

6°Iog(RRT) = P1 "C1 + P2"C2 + P3"C3 + PI"DI + P2"D: + Pa"D3 
i i I 

+ql +q2 +q3 +ql +q2 +q3 [7] 
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PREDICTION OF TR1GLYCERIDE SPECIES 

If we substitute Pn=l/6 Pn, P 'n=l /6  P'n, ~q/6=Q, the fol- 
lowing function can be obtained: 

Iog(RRT)=P1"Ct +P2"C~ +Pa 'C3  + P l ' ' D t  +P2' 'D~ +Pa'.D3 +Q 

[81 

This formula [8] can be considered as the first order com- 
bination OfCl ,  C2, C3, D1, D2, D3 against Iog(RRT). 

C1, C2, C3, D1, D2, D3 are independent variables (pre- 
dictor variables) and log(RRT) corresponds to the depend- 
ent variable (the criterion variable). Thus, we have reached 
an equation that predicts the RRT of individual molecular 
s.pecies of triglyceridc. By calculating the regression expres- 
sion, we can predict the RRT's from several kinds of pre- 
dictor variables that are C1, C~, C3, D1, D2, D3. Or at the 
same time, it is possible to see all-inclusive correlations 
between the criterion variable, i.e. RRT and the predictor 
variables. 

Standard chromatograms of Perkins et al. (2,10) were 
introduced in order to calculate the RRT's of each molec- 
ular species of triglyceride (Table I). Results from calcula- 
tion of the regression expression were: 

Iog(RRT) = 5.57391-C t + 4.90109.C 2 + 7.00699.C3 
- 11.63260.D t - 13.40241.D 2 - 15.40738.D 3 
-- 85.774.48 [9] 

The multiple correlation coefficient was 0.99418. Unfor- 
tunately, in the standard chromatograms mentioned above, 
we were unable to distinguish triglyceride isomers (the 
binding position of  the acyl groups). So, the coefficients of 
C1, C2, C3 should be equivalent. And the coefficients of 
D1, D2, D3 also should be equivalent. Therefore, formula 
[8] can be rewritten as: 

Iog(RRT) = P-(C I + C 2 + C3) + P'-(D l + D 2 + D3) + q 
= P'(CN) + P"(DB) + Q [10] 

Function [10] is actually the same as the definition of ECN 
t . . . 

because P /P  corresponds to the coefficient -2 in ECN. The 
actual calculation of P'/P from formula [91 gave -2.2, nearly 
but not equal to the ECN definition ratio of -2. If we use 
-2.2 for P'/P, it is possible to distinguish the following pairs 
that have the same ECN (=38): 

TABLE I 

Relative Retent ion Time Calculated from HPLC Chromatograms a 

Molecular species RRT b Molecular species RRT b 

LaLaLa 21.9 M O P 101.1 
tri-13:0 33.9 S O L 104.1 
L L Le 34.3 S P L 108.7 
M M M 42.1 P O O 113.1 
L L L  44.8 S O M  117.3 
L O L 58.7 P O P 120.1 
L L P  63.3 P P P  132.9 
L O O 76.7 S O O 144.2 
tri-15:0 81.8 S S L 145.0 
P L O 83.7 S O P 152.7 
P P L 89,5 (S O O) 155.3 
P L P 90.7 S P O 162.3 
L P P 94.2 S P P 179.8 
O O O 100.0 S O S 208.1 

aCalculations made from HPLC chromatograms of E.G. Perkins 
et al.. JAOCS 58:867 (1981) and Lipids 17:460 (1982). 
bRRT: relative retention time when 000 is used as the reference 
peak. 
Abbreviations: La, tauryl; L, linoleyl; Le, linolenyl; M, myristyl; 
O, oleyl; P, palmityl. 

LA 

t~- 

55 

50 

45 

40 

j 
/ , ¢ ' ° ~  

:, ,...z 

* s t 

J 
18 1 
20 4 
22 6 

(A) 
16 0 
20 4 (B) 
22 6 

By using a coefficient -2.2, the ECN' of (A) becomes 60-2.2 
× 11=35.8 and the ECN' of (B) becomes 58-2.2x 19=36.0. 
The authors have performed a sequence simulation on the 
HPLC data of Table I using formula [10]. The results are 
shown in Figure 1. It is clear from Figure 1 that all the 
molecular species in "Fable I become resolvable (shown as 
a solid line). 

Formula [10] that corresponds to the definition of  ECN 
has two independent variables and one dependent variable, 
whereas formula [81 has six independent variables. This 
implies that with only two independent variables, it is im- 
possible to accurately predict the RRT of an individual 
molecular species, and that six independent variables are 
needed for the prediction of RRT's of triglyceride molec- 
ular species. 

However, we can conclude that formula [8] can be used 
for contemporary HPLC analysis. 

Sequence o f  e l u t i o n  

: P r o c t i c a ]  ECN 

. . . . . . . . . . .  : T r o d i t i o n o l  ECN 

FIG. 1. Practical ECN ( - - )  suggested in this study and the tradi- 
tional ECN (- - -) in relation to the sequence of elution of triglyceride 
molecular species on HPLC; deduced from Table I. 
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ABSTRACT 

Degummed rice bran oil was deacidified by caustic, solvent and steam 
refining processes. The steam refining process was optimized through 
a series of experiments with varying refining times (1-5 hr), tempera- 
tures (220-280 C) and amounts of steam (4-20%), at a pressure of 
4 mmHg. The most significant factors affecting the degree of deacid- 
ification were the refining temperature and amount of steam. The 
correlation coefficient between quadratic equation obtained and 
experimental results was 0.96. Acid value and color of steam refined 
oil were not as good as those of caustic refined oil, but steam refin- 
ing showed better retention of natural antioxidants than caustic or 
solvent refining. Steam refining is preferred for deacidification of 
rice bran oil because of reduced neutral oil loss and elimination of 
soap production. 

The important criteria in selecting a deacidification process are 
known to be the degree of deacidification, neutral oil loss, effect 
on bleaching and production of soapstock (2,8-10). In comparing 
caustic refining, solvent refining and steam refining, caustic refining 
of degnmmed rice bran oil resulted in satisfactory acid values and 
color but showed the worst result in neutral oil loss and produced 
large amounts of soapstock. Solvent refining was not shown to be 
efficient because of poor deacidification, high losses of neutral oil 
and darkening of color. Steam refining also was less effective than 
caustic refining in deacidification and bleaching. However, the degree 
of deacidifieation could be improved by development of a process 
to remove all the free fatty acids (8), and the color problem could 
be eliminated by including a preliminary bleaching step before 
steam distillation (10). The application of steam refining to rice 
bran oil will result in many advantages such as reduced neutral oil 
loss, no production of soap, and the production of high purity, 
industrial fatty acids. 

INTRODUCTION 

Rice bran oil has been  difficult  to refine because of its high 
con ten t  of free fa t ty  acid, unsaponif iable  materials and 
color (1,2). Rice bran oil has been deacidified in industry  
by  caustic refining, bu t  this process gives considerably 
greater losses of neutral  oils than caustic refining of m a n y  
other  vegetable oils with similar free fa t ty  acid con ten t  (3,4). 
The solvent extract ion method  (2) and progressive acetyla- 
t ion  of hydroxyla ted  compounds  in the oil (5) also have 
been used to reduce the refining loss of neutral  oil of  rice 
1 Present address: Department of Food Science and Nutrition, Busan 
National University, Busan, Korea. 
*To whom correspondence should be addressed at Department of 
Food Science and Nutrition, Ohio State University, 122 Vivian Hall, 
2121 Fyffe Road, Columbus, Ohio 43210. 
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bran oil in the deacidification process. In liquid-liquid ex- 
t ract ion refining, furfural -naphtha (6), l iquid propane (7) or 
alcohols (2) have been used as the fract ionat ing solvent. Al- 
cohol extract ion in combina t ion  with alkali refining has 
been used to give satisfactory deacidification, reduct ion of 
refining loss and color removal. 

In recent  years, steam refining of crude oils with high 
free fa t ty  acids has been used to avoid both  excess losses of 
neutral  oil and product ion  of large quanti t ies  of soapstock 
which require expensive waste-water t rea tment  before dis- 
charge (8,9). Fur thermore ,  steam refining gives savings on 
equipment ,  space, t ime and labor in comparison to caustic 
refining;  it also yields high qual i ty fa t ty  acids (9). However, 
with dark-colored oils having a high free fat ty acid content ,  
the steam refining process is no t  as successful as caustic 
refining in achieving a low free fa t ty  acid refined oil which 
gives satisfactory oil-color during the subsequent  bleaching 
step. However, the bleaching problem of dark crude oils has 
been solved by inserting the bleaching process prior to 
steam refining (10,11). 

At  present, steam refining is used most ly  in the palm oil 
industry.  It also has been applied successfully to soybean 
oil, coconut  oil, palm kernel oil, peanu t  oil, sesame oil and 
olive oil, tal low and lard (8,9). Opt imizat ion  studies of 
steam refining concerning time, temperature  and the a m o u n t  
of  steam for any  fats and oils are very scarce (8), and infor- 
mat ion  about  steam refining of rice bran oil is no t  found  
anywhere.  In this study, rice bran oil was deacidified by 
steam refining, convent ional  caustic refining and solvent 
extract ion me thod  in order to compare the neutral  oil loss 
and characteristics of the oil after each deacidification 
process. In  the steam refining process, the independent  var- 
iables were analyzed statistically in order  to ident ify the 
factors affecting free fa t ty  acid con ten t  and color. The 
residual contents  of tocopherol  and oryzanol  also were 
measured to observe the effects of the deacidification 
processes upon  the removal of natural  ant ioxidants  of neu- 
tralized oil. 

MATERIALS AND METHODS 

Materials 

Crude rice bran oil was obta ined  from a local refinery and 
was laboratory degummed with 4% oxalic acid at a level of 


