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The aim of this s tudy is to  establish thermodynamic  rela- 
t ions which govern the equilibrium of solid formation dur- 
ing the cooling of cot tonseed  oil either when tripalmitin 
is added to it or when the oil is cooled in the presence of 
so lvent  with consequent  enrichment of the solid phase 
in certain triacylglycerols. We have established analytical 
expressions of the funct ions  and variables of  s tate  that  
can describe the experimental  results  obtained. 

The effect  of  the addition of tripalmitin to refined cot- 
tonseed oil is well  represented by simple expressions.  

KEY WORDS: Cottonseed oil, solid deposition, thermodynamics, 
tripalmitin. 

Cottonseed oil which has been classically refined goes 
cloudy during cold seasons. This handicap affects i ts  
presenta t ion  and reduces its t rad ing  value. 

Several authors  (1-5} have tried to ex t rac t  the high 
melting point triacylglycerols which cause the cloudiness. 
The aim of the supplementa ry  t r ea tmen t  applied is to 
make  the oil re tain perfect  clarity. Thus, two fractions 
of oil are obtained, viz., a liquid fract ion used as table  oil 
and a solid fract ion destined for the margar ine  industry.  

The technique consists  in cooling the oil until  crystal-  
lization, preferably in the presence of solvent which 
reduces viscosity, and then separat ing the solid and liquid 
phases. The solid-liquid equilibrium involved has not been 
studied f rom a the rmodynamic  s tandpoint .  

We intend to cool refined cot tonseed oil and to s tudy  
the the rmodynamic  equilibrium of solid format ion in 
var ious  conditions. F i rs t  we studied the var ia t ion of the 
cloud point of refined cot tonseed oil upon addition of 
t r ipalmit in  (PPP). 

EXPERIMENTAL PROCEDURES 

Effect  of  tripalmitin on the solidification temperature of  
cottonseed oil. The cot tonseed oil used (RCO) was 

*To whom correspondence should be addressed. 
Abbreviations: c, Number of components {TAG) in the oil (RCO}; 
GLi, chemical potential of i in the liquid; GS i, chemical potential of 
i in the solid; GLoi, HLoi,  SLoi , chemical potential, enthalpy and en- 
tropy of pure liquid i; GSoi, HSoi, SSoi, chemical potential, enthalpy 
and entropy of pure solid i; AH i -- HLoi - HSoi, melting enthalpy 
of pure i; i, each component of oil (RCO) 1 ~< i ~< c; L, O, P, P', S, 
linoleic, oleic, palmitic, palmitoleic, stearic acid (PPP = tripalmitic, 
etc.}; yL i, activity coefficient of i in liquid solution; yL o, activity coef- 
ficient of tripalmitin in liquid solution; N i, number of mole of each 
i in an initial sample of oil (RCO} in the mixture (PPP + RCO); R, 
perfect gas constant; RCO, refined cottonseed oil; AS, common value 
of AS i if they are equal; AS ---- SLoi - SSoi, melting entropy of pure 
i; AS o, melting entropy of tripalmitin; yS i, activity coefficient of i 
in solid solution; ySo, activity coefficient of tripalmitin in solid solu- 
tion; T A, cryoscopic constant; T o, melting temperature of pure oil 
{RCO) without tripalmitin; TFi, melting temperature of i; TF o, 
melting temperature of tripalmitin; TAG, triacylglycerol; X, mole 
fraction of tripalmitin (PPP) in the initial mixture (PPP + RCO); 
X i, mole fraction of i in the oil without PPP; Y, mole fraction of 
tripalmitin in the solid deposit; Yi, mole fraction of i in the solid 
deposit; Z i, mole fraction of i in the initial mixture (PPP + RCO). 

supplied by  the Societ~ de D~veloppement  du Coton of 
Nor th  Cameroon (Sodecoton). Tripalmitin {99%} was pur- 
chased from Sigma Chemical Co. (St. Louis, MO) and was 
used wi thout  fur ther  purification. 

Apparatus.  The appa ra tus  used to determine the tem- 
pera ture  of solid format ion  in oil solutions is t ha t  set up 
by  Belaadi (6). I t  is of simple thermal  analysis  type.  

The appara tus  is mainly  composed of a cryogenic unit, 
a crystal l izer  and a potent iometr ic  assembly  for detect- 
ing phase  change and registering temperature.  In fact the 
cooling effect b rought  about  by  the cryogenic unit  
through a mixture of water  and ethylene glycol {52%, v/v), 
helps to lower the t empera tu re  of the oil solution placed 
in a cell inside the crystallizer.  The ra te  of cooling can 
be controlled by  adjus t ing the t empera tu re  of the water/  
ethyleneglycol  mixture  f rom the cryorgenic unit. I t  is 
usual ly  0.02 degree/min when determining the tempera-  
ture  of the cloud point. 

A thermometer ,  made  with a p la t inum resis tance 
(100 ohms at  0~ connected to the potent iometr ic  
assembly  enables regis t ra t ion of t empera tu re  and detec- 
t ion of the cloud point, which is visualised by  a change 
of slope on the cooling curve produced by  the recorder. 

We have chosen a differential sy s t em which ought  to 
give rise to a recording. Thus, the res is tance probe 
th rough  which a cons tan t  current  is passed  is connected 
to the terminals  of a po ten t iometer  whose deflection is 
recorded with high sensitivity. This is such tha t  full scale 
deflection on the recording paper  (25 cm} corresponds to 
a change in resis tance of 1.5% or 4~ 

Method. A known amount  of cot tonseed oil and 
t r ipalmit in  are placed in the sample  cell and the mixture  
is gent ly  heated to dissolve the tr ipalmitin.  Thereaf ter  
the cell is allowed to cool to room tempera ture  and is then 
placed in the crystallizer. The oil solution is slowly cooled 
while being agi ta ted  unti l  solidification occurs and the 
t empera tu re  is determined.  Details  are available in 
reference (7). 

RESULTS 

The solidification tempera ture  of cottonseed oil alone was 
determined five t imes and gave  0.1 + 0.2~ Measure- 
ments  made upon adding t r ipalmit in  to the oil were 
duplicates.  

The above resul ts  for cot tonseed oil f rom Cameroon is 
in very  good agreement  with t ha t  published by  Ronzone 
(8) for cot tonseed oil f rom China. 

The effect of t r ipalmit in  on the solidification tempera-  
ture of cottonseed oil is shown in Figures 1 and 2. Figure 2 
presents  the var ia t ion of the solidification t empera tu re  
with the to ta l  t r ipalmit in (added plus tha t  normally pres- 
ent in the oil}; while Figure 1 shows the variat ion in te rms  
of added t r ipalmit in only. I t  can be seen f rom both  
Figures 1 and 2 tha t  the solidification tempera ture  of cot- 
tonseed oil varies linearly with the amount  of t r ipalmit in 
present .  The amount  of t r ipalmit in  normal ly  present  in 
the cottonseed oil was determined as described by  Bales- 
dent  et al. (9}. In Figure 2 the intercept  at  zero added 

JAOCS, Vol. 68, no. 4 (April 1991) 



238 

C. K A P S E U  E T  AL. 

4 

" 3 

0 

0 

c 1 
0 

~  

u 
0 

0 

0 

J 

! | w 

1 2 3 

~(wlw) PPP in the n,ixture with HCR 

FIG .  I. T e m p e r a t u r e  of  so l id i f ica t ion  of m i x , u r e s  of  R C O  + P P P  
as  a function of the amount of P P P  in  t he  r dx tu re .  
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FIG .  2. T e m p e r a t u r e  of  so l id i f ica t ion  of  m i x t u r e s  of  R C O  + P P P  
as  a f u n c t i o n  of t he  t o t a l  an ,~a=t  of  P P P  in s m i x t u r e  wi th  R C O  
from which  c o n s t i t u e n t  P P P  h a s  beeat remo, ,ed .  

tripalmitin corresponds to - 0.8 o C, wl dch is slightly lower 
than tha t  obtained for the solidification of the initial cot- 
tonseed oil and confirms the general tl end that  tripalmitin 
raises the solidification t empe ra tu r e  

Hence, this s tudy shows tha t  the presence of a high 
melt ing point  triacylglycerol, such s s tripalmitin, in cot- 
tonseed oil raises the cloud point ol ~ the oil. 

Study of the thermodynamic equilibrium: Theoretical. 
The principle of determining the thermodynamic relations 
between variables of interest  in solid tormation from a 
complex liquid is s imple-- i t  consists of writing down the 
equations for the equali ty of chemical potunt.ial of each 
chemical species in the two phases, solid and liquid. I t  
is essential, first of all, to clearly define the variables in 
question. 

Let  us consider a complex liquid of composition defined 
by mole fractions Xl, X2 . . . .  Xi . . . .  X c of the c constit- 
uents, which forms a complex solid phase at tempera ture  
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(T) of composition defined by  the mole fractions Y1, Y2, 
�9 .. Yi . . . .  Yc of the same consti tuents.  (We have here a 
liquid solution and a solid solution}. 

The chemical potential  of each species, i, in a given 
phase {liquid or solid} GLi or GSi is split into two parts,  
viz., tha t  for the pure substance in the same s ta te  {liquid 
or solid} GLoi or GSoi and tha t  for the mixing where we 
introduce the coefficients of act ivi ty yLi and ySi, so tha t  
we have: 

GL i = GLoi + R T  ha yLi .X i 

GS  i = GSoi + R T  In ySi.Y i 

Given the equali ty of chemical potential  at  the tempera- 
ture of solid formation, we have: 

GLoi + R T  In yLi .X i = GSoi + R T  In ySi.Y i 

Hence: 

R T  ha {ySi-Yi/yLi.Xi) = GLoi - GSoi [1] 

The difference between the chemical potential  of each 
pure substance in the liquid s ta te  and in the solid s ta te  
can be wri t ten as a function of tempera ture  through the 
enthalpy of fusion, h H i =  HLoi - HSoi, or the entropy 
of fusion, ASi = SLoi - SSoi since: 

G L o i =  H L o i -  T �9 SLoi 

GSoi = HSoi - T �9 SSoi 

Thus: 

GLoi- GSoi= HLoi- ..Cioi- T(SLoi- SSoi ) = AH i- T" AS i 

Since this quant i ty  is zero at  the temperature  of fusion 
{melting} TFt of the pure substance i, we have AHi = 
TFi.AS i when 

GLoi - GSoi = ASi(TF i - T} 

Equat ion [1] can then be wri t ten as: 

R T  In (ySi.Yi/yLi-Xi) = 5S i (TF i - T) 

thus 

yLi 
Yi = ~ i  X i ' e x p  [ASi(TFi -- T)/RT] [21 

The (2c + 1) variables Xi, Yi, T are thus linked by the {c 
+ 2) relations: 

X i = l  ~ Y i = l  
i = 1  i = 1  

and the c relations [2] giving c-1 independent variables. 
Therefore, if the values of the c-1 variables are defined, 

all the other  c + 2  are also defined. So, for example, given 
a liquid of known composition, (c-l) t i ters  Xi are known, 
and the tempera ture  T of solidification and the composi- 
tion Yi of the solid can be determined. 
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T h e  f o r e g o i n g  e x p r e s s i o n s  wil l  be  u s e d  to  a n a l y z e  t h e  
r e s u l t s  of  t h e  v a r i a t i o n  of so l id i f i ca t ion  t e m p e r a t u r e  w i t h  
t h e  a m o u n t  of a d d e d  t r i p a l m i t i n .  

Variation of solidification temperature with added 
tripalmitin. W e  c o n s i d e r  a c o t t o n s e e d  oil  w h i c h  c o n t a i n s  
n o  o r i g i n a l  t r i p a l m i t i n ,  i t s  c o m p o s i t i o n  is  d e f i n e d  b y  t h e  
m o l a r  t i t e r s  X l  . . . .  X~ . . . .  Xr in  t h e  c c o n s t i t u e n t s ,  w i t h  

:~ Xi --  1. T r i p a l m i t i n  is t h e n  a d d e d  to  t h e  oil so  t h a t  i t s  
i=1 
mo le  f r a c t i o n  in  t h i s  t r i a c y l g l y c e r o l  b e c o m e s  X. T h e  sol id  
t h u s  f o r m e d  h a s  t h e  c o m p o s i t i o n  Y1 . . . .  Y~ . . . .  Y~ for 
t r i a c y l g l y c e r o l s  o t h e r  t h a n  P P P  a n d  Y in  t r i p a l m i t i n .  

T h e  n e w  c o m p o s i t i o n  of t h e  oil a f t e r  a d d i n g  t r i p a l m i t i n  
h a s  b e c o m e  Z 1 . . . .  Zi . . . .  Z c for t h e  o t h e r  t r i a c y l g l y c e r o l s  
a n d  X for t r i p a l m i t i n ,  w i t h  

X - t - ~  Z i = l  
i=1 

I n  oil c o n t a i n i n g  n o  i n i t i a l  t r i p a l m i t i n ,  w i t h  N1 . . . .  Ni, 
... N~ mo le s  of  c species ,  we  a d d  N m o l e s  of t r i p a l m i t i n  
a n d  t h e  t i t e r s  t h e n  b eco me :  

C 

X i = Ni/~-IN i~=.= for  i = 1 to  c 

Zi = Ni/( N q_ ~7 Ni ) 
i ~ l  

w h e n c e :  

c 

for i ---- 1 to  c a n d  X = N/(N + Y Ni) 
i=1 

Z 1 Z 2  Z i 
_ __ ... - -  

X l  X2 X i  

H e n c e :  

c 

Zc 'i-~-I Zi 1 -- X 

X c ~ Xi 1 
i = 1  

Z i = (1 -- X)X i for i ---- 1 to  c 

E q u a t i o n  [2] b e c o m e s :  

yLi 
Yi = ~ Xi (1 - X) exp [ASi(TF i -- T)/RT] for  i = 1 to  c 

YSi 

a n d  for t r i p a l m i t i n  w h o s e  q u a n t i t i e s  yL, yS, kS  a n d  T F  
a re  s u b s c r i p t e d  b y  o, 

Y = 
yLo 

ySo 
�9 x exp [ASo(TF o -- T)/RT] 

g i v e n  t h a t  t h e  s u m  of Yi a n d  Y m u s t  e q u a l  one,  we h a v e  

e yLi 
1 = ~ l ~ i  Xi(1 - X) exp [hSi(TF i -- T)/RT] 

yLo 
+ - -  X" exp [ASo(TF o -- T)/RT] 

ySo 

w h i c h  is t h e  s o u g h t  r e l a t i o n  b e t w e e n  X a n d  T. 
R e a r r a n g i n g ,  we  have :  

1 - yLi hSi 
X = i=1 ~ i  exp [ ~  (TF i - T)] 

YL~ exp AS~ ~ yLi hSi 
yS---~ [ ~  (TF o - T)] -- i=1 yS-~. exp [ ~  (TF i -- T)] 

W e  h a d  seen  ea r l i e r  t h a t  X w a s  a l i n e a r  f u n c t i o n  of  T,  
s u c h  t h a t  a t  T --- T o, X --  0. A l s o  t h e  t e r m  T --  To c a n  
be  i n t r o d u c e d  as  T F  i - T --  T F i  - T o  - (T - To). 

I f  we  m a k e  t h e  r e a s o n a b l e  a s s u m p t i o n  t h a t  t h e  en-  
t r o p i e s  of f u s i o n  of t h e  t r i a c y l g l y c e r o l s  a re  c lose  in  va lue ,  
we  c a n  w r i t e  d o w n  t h a t  t h e  v a r i o u s  v a l u e s  of ASi/R are  
al l  e q u a l  to  AS/R. 

T h e  e x p r e s s i o n  exp[(hSi)/(RT) (TFi  - -  T)] c a n  be  sp l i t  
i n t o  a p r o d u c t  of  t w o  t e r m s :  

AS i AS /iS 
exp[h~Si(TFi To) ~ ( T  -- To) ] = exP-R-T(TF i - T) lt l -- -- -- T~ exPR-T(T~ 

w h e n c e  

X = 

AS ~ yL i 
exp [~-~ (T - T o ) - i=1 yS~ 

hSi TF e x p [ ~ (  i -  To)] 

YL~ exp AS~ ~ yLi hSi 
yS--~ [ ~  (TF~ -- w~ - i=1 yS--~- exp [ ~  (TF i -- To) ] 

B u t  AS/R is  of  t h e  o r d e r  of 50, whi le  T - To is n o  h i g h e r  
t h a n  a few K e l v i n ,  AS/RT (T - To) is n o  h i g h e r  t h a n  0.5 
a n d  exp  [(AS)/(RT) (T - To) ] = e x p E ,  c a n  be  r e d u c e d  to  
1 + E;  t h u s ,  w i th :  

Z = ~ yLi exp ~ySi 
i=1 yS~ [ ~  (wFi -- T~ 

i t  t u r n s  o u t  t h a t :  

X = 

AS 
1 + - - ( T - -  T O ) --  Z 

RT 

yLo hSo 
y S ~ e x p ~ ( T F  o -  T O ) -  

b u t  X --  0 for  T = T o, s u c h  t h a t  Z = 1, so To is  d e f i n e d  
a n d  we have :  

X = 

AS 
R~ (T - To) 

AS ~ 
[ exp ~-~ (TF o -- To) -- 1] 

X = 
T - T O 

RT ryL o 
h~ [~o  exp (TF o -- To) -- 1] 

S ince  T a n d  To a re  q u i t e  close, t h e  d e n o m i n a t o r  of t h e  
a b o v e  e x p r e s s i o n  c a n  be  r ep laced  b y  t h e  t e r m  TA, where:  

RT o ~yL o hS TF o 
TA = -h-S- [~-y~o exp ~ - ( ~ - -  - 1) - 1] 1 o  

a n d  T O is d e f i n e d  by :  

~" YLi exp AS 
i=1 yS~- [ ~  (TFi - T~ = 1 
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The required relation X(T) can be writ ten as: 

W - T o 
X--  

TA 

Figure 2 shows tha t  the experimental points give a 
s t ra ight  line whose equation is: 

T - 272,3 
X(T) -- - -  

130 

The value found of T A = 130 K is quite plausible, it 
corresponds to tha t  obtained through the definition of 
TA, where: 

hS _ 5o and - -  yL~ = 1,3 �9 10 -4 
R yS o 

The final relation is very similar to the classical one, 
X(T) = AT/K, where K is the cryoscopic constant,  valu- 
able for the freezing depression of pure components. Here, 
the similar relation was demonstra ted valuable for the 
deposition of solid solution from a mult icomponent solu- 
tion, upon particular conditions. These conditions are that  
the entropies of fusion of all components of the liquid solu- 
tion are the same. 

The agreement between theory and experimental re- 
sults is good, which suggests  tha t  thermodynamic equi- 
librium has been attained in the system studied. Our work 
suggests  tha t  such analytical expressions can be estab- 
lished for other triacylglycerols regarding the variation 
of solidification temperature with the amount  of added 
triacylglycerol. 

Degree  o f  e n r i c h m e n t  o f  the  sol id  fraction.  The degree 
of enrichment of the solid fraction obtained when oil is 

cooled was also derivated (10) from general equation [2), 
but  our experimental measures of this enrichment were 
not so reliable in light of difficulties of good separation 
of solid and liquid. 
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