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Nucleation Behaviour of Tripalmitin from a Triolein Solution 
W.L. Ng 
Department of Chemistry, University of Malaya, 59100 Kuala Lumpur, Malaysia 

Nucleat ion of tripalmitin {PPP) crystals  from melt  and 
from its binary triolein (OOO) solut ions  was  studied 
by  differential scanning calorimetry (DSC) and optical  
microscopy.  Cooling DSC therrnograms for either pure 
P P P  or OOO exhibits  a single exotherm. For the solu- 
t ions,  two  wide ly  separated peaks  due to P P P  and 
OOO were observed.  The P P P  peak is broadened and 
shif ts  down to a lower temperature as the OOO con- 
tent in the solut ion increases.  A modified Turnbull  and 
Fisher equation was used for nucleation data analysis.  
The temperature for m a x i m u m  supercooling of the so- 
lution is reduced by OOO but  the degree of m a x i m u m  
supercooling remains unchanged at 22~ An interfa- 
cial free energy of 9.45 erg/cm'-' for /3-PPP/ mel t  was 
deduced. This value drops rapidly to a sl ightly lower 
value of 8.95 erg/cm2 in triolein solution. The effect  of 
a reduced interracial free energy on nucleation is criti- 
cally discussed in the light of  a s imul taneous  reduction 
in the melt ing point of p-PPP in the solution. 

Many of the impor tan t  propert ies  of vegetable  oils and 
animal fats  are controlled by  phase  t ransi t ions {1) of 
their  componen t  t r iglycerides .  These  include solid- 
liquid ImeltingL liquid-solid {crystallizationl and solid- 
solid laging or polymorphic) transit ions.  Previous stud- 
ies were focused on the description of po lymorph i sm 
of individual triglycerides. (2-4). I t  is now generally 
accepted tha t  simple triglyceride crystall izes in three 
{5) polymorphic forms: a, /3' and /3 in increasing order 
of melt ing point  and thermal  stabil i ty.  There are two 
/3' polymorphs  {designated as p'~ and /3'~) for certain 
triglycerides 16). The invest igat ion on triglyceride in- 
teractions {5,7) and po lymorphism (8} in binary sys- 
t ems  is re la t ive ly  recent.  Of late, there  has been a 
growing interest  on the kinetics of crystal l izat ion of 
triglycerides from solution (9), melt  ~10,11} and with 
sur fac tan t  addit ives {11}. However,  no crystal l izat ion 
work has been reported on binary or mul t icomponent  
sys tems  which closely resemble the composit ion of oils 
and fats. Phase  behaviour  in such sys t ems  is often 
complicated by mutua l  interact ions among  the compo- 
nent  triglycerides. Besides exhibit ing intersolubili ty,  
the effect of triglyceride interact ions {12) may  result  
in the format ion of Ca) solid solutions {mixed crystal),  
Ib) eutect ive mixtures  and {c) chemical compounds.  

The binary sy s t em  of g rea tes t  interest  for many  
industrial processes of oils and fats  [s one in which the 
melt ing points  of the component  tr iglycerides lie on 
opposite sides of ambient  t empera tu re  {8). At  room 
temperature ,  t r ipalmit in {PPP) is a simple sa tu ra ted  
solid whereas triolein COOO} is a simple, unsa tura ted ,  
liquid triglyceride. Only the mel t ing behaviour  of this 
binary sy s t em has  hi ther to been invest igated.  I t  was 
found tha t  the melt ing point {8,13) of pure p-PPP crys- 
tals in contact  with their OOO solution was lowered 
and the enthalpy of melt ing 18) was affected by  the 

composi t ion of the melt. The fact  tha t  OOO modifies 
the mel t ing behaviour  of P P P  indicates unequivocally 
the existence of intermolecular  interact ion at  the crystal/  
solution interface. Such interact ion migh t  also modify 
its interracial free energy and henceforth affect the 
ra te  of format ion of c rys ta l  nucleus. In this work, dif- 
ferential  scanning calor imetry  {DSC} and optical mi- 
croscopy were used to s tudy  crystal l izat ion behaviour  
and nucleation of PPP  in a OOO solution and to deter- 
mine the associated nucleation parameters .  

EXPERIMENTAL PROCEDURES 

I'3.P. grade ~> 95%) tr ipalmit in and triolein from Tokyo 
Kasei  Kogyo Co. were used without  fur ther  purifica- 
tion. Binary solutions of P P P  and OOO were prepared 
at 343~ with st irr ing for 30 min to ensure complete 
mixing. A t iny drop of the sample  was then t ransfer red  
while hot by microliter syringe to the centre of a clean, 
circular, microscope glass cover slip {19mm dia. X 0.21 
mm) which was then covered by another  slip forming 
a thin film of oil sample  {approx. 2mm dia.) in between. 
The edges of the slips were sealed with fas t  se t t ing  
epoxy resin. The sandwiched sample  was heated inside 
an oven at  343~ for 30 rain to des t roy any exis t ing 
nuclei before it was t r ans fe r r ed  quickly onto a hot  
s t age  a t t ached  to a polar iz ing microscope.  The hot  
s tage was mainta ined at  the desired t empera tu re  by 
circulat ing a water/glycol mixture  from a the rmos ta t ed  
ba th  I+_().I~ The t e m p e r a t u r e  of the sample  was 
moni to red  by  a built-in t h e r m o m e t e r  inside the hot  
stage. The polarizer was ro ta ted  such tha t  the liquid 
sample  appeared dark when viewed through the eye- 
piece. When nucleation occurred, the crys ta ls  appeared 
b r igh t  aga ins t  the da rk  b a c k g r o u n d  so t ha t  it was  
easily detected even though it was ra ther  small when 
first  formed. The overall magnif icat ion used was 100 
X. The induction t ime T is the t ime taken  for the ap- 
pearance of the first  nucleus af ter  the sample disk has 
been properly placed onto the hot stage. A Perkin- 
E lmer  DSC-2 different ia l  scann ing  ca lor imeter  com- 
plete with a da ta  station,  and a TADS-1 plot ter  was 
used  to obta in  a c rys ta l l i za t ion  t h e r m o g r a m  of the 
sample  at  a cooling ra te  of 5~ from 343~ to 
233~ except  for OOO which was cooled from 290 ~ to 
213~ This was followed by  the heat ing of the sample  
at  a rate  of 5~ to the s ta r t ing  t empera tu re  to 
obtain i ts  mel t ing the rmogram.  About  5-10 mg of the 
sample  was used for each run. The mel t ing  point was 
determined using a 75 m m  • 1 m m  diameter  capillary 
tube. The tube which contained about  1 cm of sample  
was frozen at  227~ for 16 hours. I t  was then sus- 
pended in a water  ba th  which was heated at  a rate  of 
1 ~ initially and reduced to 0.5 ~ on approach- 
ing the expected mel t ing  point. The t empera tu re  at  
which the solid complete ly  melted was taken to be its 
mel t ing point. 
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RESULTS AND DISCUSSION 

Crystallization Behaviour. Crystallization consists of 
three consecutive stages: (a) supersaturation or super- 
cooling, (b) nucleation and (c) crystal growth. A melt 
or solution will rarely undergo nucleation unless it has 
been supercooled sufficiently. All samples (with the 
exception of OOO) were initially tempered at 343~ 
for 30 min prior to cooling in order to destroy any 
nuclei that might persist in the solution or melt. For 
either pure PPP or OOO their solidification thermograms 
(curves a and b in Fig. 1) show only a single exotherm 
at 317~ and 233~ respectively. This means that 
only one polymorph was formed when these individual 
simple triglycerides were cooled at 5~ to 230~ 
On the other hand, in the binary solutions two widely 
separated peaks were observed. The high temperature 
peak is slightly below that  of pure PPP whereas the 
low temperature peak is higher than that of pure OOO. 
It is interesting to note that these separate exotherms 
are composition dependent and both peaks shift to 
lower temperature as the OOO content in the solution 
increases. 

As the temperature was lowered at a prescribed 
rate, the solution was brought from a stable state of 
unsaturation into a labile state of supersaturation with 
an accompanying increase in the degree of supercooling. 
Once nucleation occurs, excess solute (PPP) from the 
supersaturated solution begins to crystallize out until 
its concentration falls back to its equilibrium value 
(saturation). This continuous precipitation of solid PPP 
as the solution is being cooled causes a broadening in 
the crystallization exotherm of PPP as seen in curve 
Fig. lc. Such solubility effect on the thermogram was 
absent in the pure tripalmitin melt (curve Fig. la). 

With increasing OOO content in the solution, the 
thermogram depicts a doublet PPP exotherm (curves 
Fig ld  and e) with the second peak only a few degrees 
below the first. Because there is no eutectic mixture 
or mixed crystal formation in this system (13), this 
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FIG. 1. Crystallization DSC thermograms of a) PPP, b) OOO, c) 
71.0%, d) 51.0%, e) 20.5% PPP  i n  t r i o l e i n  s o l u t i o n s .  V e r t i c a l  axis 
n o t  t o  scale. 
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doublet must be attributed to two different polymor- 
phs of PPP. One of them previously has been identified 
to be a/3 crystal (8). The order of occurrence suggests 
that the lower-temperature exotherm is either the a-or 
/T-polymorph of PPP which has a lower melting point. 

The polymorphic nature of the crystals can be re- 
vealed by reference to their melting thermogram. Fig- 
ure 2 displays DSC thermograms of three systems 
upon heating them at 5~ (a) PPP, (b) OOO and 
(c) 51% PPP. In system a, the larger peak at 337~ is 
due to f3-PPP and the smaller one at 317~ is a-PPP. 
The initially formed a-crystal must have undergone 
partial a~f3 polymorphic transformation during the 
heating process. In system b only a single peak at 
266~ occurs and this corresponds to f3'2-form of OOO 
(Tin = 265~ (14). In the binary system c, the solution 
completely solidifies at 230~ into a mixture of PPP 
(f3 + other polymorphs) and OOO (/Y2-form). During 
subsequent heating, f3'2-OOO melts at 266~ and PPP 
remains in the solid phase (curve c). As the triglyc- 
erides are not mutually soluble in the solid state, the 
melting point of f3'2-OOO is thus not affected at all by 
the presence of PPP (Table 1) in the solid. At higher 
temperatures there is a single endotherm due to the p 
polymorph of PPP as has been confirmed by x-ray 
diffraction measurements (8). As there is no sign of a 
second melting endotherm other than the one for /3- 
PPP, the initially formed a- or f~'-PPP could have easily 
dissolved in OOO due to their lower melting points or 
have undergone polymorphic transformation to the /3- 
form during the process of heating them. 

When the solution was sufficiently supercooled to 
bring about nucleation, the heat evolved causes an 
initial rise of the exotherm. The position of the peak is 
therefore closely related to the crystallization tempera- 
ture of the solution. The up-shift of the fl'2-OOO peak 
with increasing PPP content implies that nucleation 
of OOO in the binary system is heterogeneous in na- 
ture. Nucleation is induced by the previously formed 
PPP crystals which causes a corresponding reduction 
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FIG. 2. Melting DSC thermograms of a) PPP, b) OOO, c) 51.0% 
PPP  i n  t r i o l e i n  s o l u t i o n .  Vertical axis n o t  t o  scale. 
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NUCLEATION OF TRIPALMITIN FROM TRIOLEIN SOLUTION 

TABLE 1 

Solid "~ Liquid Transition Temperatures from DSC Thermograms 

ppp Crystallization, T,oK Melting, T,oK 

mole% Triolein Tripalmitin Triolein Tripalmitin 
100.0 317 318,337 
71.0 253 310 266 335 
51.0 256 302,308 266 334 
20.5 250 292,300 266 330 
0 233 266 

in the degree of supercooling. Thus, crystal l izat ion oc- 
curs at a higher t empera tu re  closer to its mel t ing point  
of 266~ On the other hand, the lowering of the crys- 
tallization t empera tu re  (down-shift of the peak) of /~- 
P P P  is likely to be the resul t  of an in te rmolecular  
interaction between P P P  and OOO molecules at  the 
crystal /solution interface�9 This interaction causes a simi- 
lar reduction in the mel t ing point of/~-PPP. 

Crystal~Melt Interracial Free Energy. A melt  be- 
low its melt ing point, T m, can decrease its free energy 
by  undergoing nucleation�9 This is because the solid 
phase  has a lower free energy than the liquid�9 How- 
ever, formation of solid nucleus is a lways accompanied 
by  the s imultaneous creation of solid-liquid interface 
which increases  the free energy  by an a m o u n t  (the 
interfacial free energy) for each unit  area of the inter- 
face�9 Thus, a supercooled liquid can even remain re- 
markab ly  stable wi thout  undergoing crystal l izat ion un- 
less nucleation can result  in a decrease of the overall 
free energy of the system.  For a spherical nucleus of 
radius r, the surface free energy contr ibut ion is 4~r~o 

�9 J 3 and the bulk free energy contr ibution is .~nr AG,. where 
hG,, = Att(T,, -T)/vTm is the bulk free energy change 
per unit  volume v of the solid nuclei, hH is the en- 
tha lpy of melt ing (15). The overall free energy change 
upon nucleation is therefore given by: 

AG = - 4rtr2 &Gv + 4~r'~o [l] 

There exists  a critical radius r~ = 2o/hG,, above which, 
if the nucleus grows, the total  free energy is decreased. 
The corresponding critical free energy is the act ivat ion 
free energy of nucleation: 

A G e -  16nr--3-  16n~ [2] 
3(AGv) 2 3hH 2 (Tm -TF  

Thus,  there is a the rmodynamic  potent ial  barr ier  in 
creat ing a critical nucleus. Once the local f luctuat ion 
in energy is sufficiently large to overcome this barrier, 
spontaneous  nucleation will then occur. According to 
Buckle 's  analysis (16) of the Turnbull  and Fisher equa- 
tion, the induction t ime (T) of nucleation is: 

1 
T - ~ v-]i3h exp (&G,l + hGr [3] 

~/4okT 

In the formula these symbols  are used: 5Gd (the activa- 
tion free energy for the incorporation of a molecule into 
the crysta l  nucleus) and v (molecular volume of the 
solid)�9 The other symbols  have their usual meanings�9 

For equation [3] to be applicable, nucleation mus t  
be carried out isothermally�9 The solution was first  su- 
percooled to the desired t empera tu re  below the melt- 

ing point of /3-PPP (the highest  mel t ing polymorph)  
and held cons tan t  at  the t empera tu re  for nucleation 
to occur�9 I t  has  been found prev ious ly  t h a t  the  /3- 
po lymorph  of P P P  is exclusively crystall ized out  f rom 
the triolein solution (8) and f rom pure P P P  mel t  above 
323~ (11). The t empera tu re  for m a x i m u m  cooling, T s, 
is the lowest  t empera tu re  to which a s y s t e m  can be 
supercooled wi th  a co r respond ing  induct ion t ime  (T) 
arbi trar i ly fixed at  10s (17}. This can be de termined 
graphically by  ex t rapola t ing  from a plot of log T versus  
T to in tercept  at  the line log T = I  (Fig. 3). Equa t ion  [4] 
as follows, is derived by rear ranging  equat ion [3], put- 
t ing T = T~, T = 10s and &G d = 30.4 kJ /mol  (18) and 
s u b s t i t u t i n g  numer ica l  va lues  for the phys ica l  con- 
stants:  

l 1 
19.55 + ~  log v + -2 log T s - 1589/T~ = 

o:~v 2 Tm 2 I4] 
5.279X10 TM 

AH2(Tm -Ts)2T ~ 

Equat ion  I4] was then used to determine o by means  
of numerical  analysis  us ing the corresponding values 
given in Table 2. The calculated interfacial free energy 
o for /3-PPP/melt is 9.45 erg/cm ~. This value compares  
favourably  with the value of 8.3 erg/cm2 repor ted  for 
the a -PPP/mel t  (17). In OOO solution, the interracial 
free energy for /3-PPP drops  rapidly to 8.95 erg/cm 2 
(Table 2). This crystal /solut ion interfacial free energy 
o is made up of (19): 

o = o c + o ~ - U  [51 

where o c and o~ are respect ively  surface energies of the 
crysta l  and of the solution and U is the interact ion 
energy�9 The OOO molecules which are adsorbed at  the 
c rys ta l / so lu t ion  in ter face  m u s t  have in te rac ted  with  
the PPP  molecules to br ing about  a reduction in the 
interfacial free energy. This intermolecular  interact ion 
m a y  be composed  of polar  or d ispers ive  forces.  An 
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FIG. 3. Plot of log T, induction time versus  T, t emperature  of 
crystallization for a) PPP, b) 71.0%, c) 51.0%, d) 20.5% P P P  in 
triolein solutions. Interceptions on the line log T = 1 give the 
respective temperatures for maximum supercooling T s. 
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TABLE 2 

Nucleation Parameters of PPP from its 000 Solutions 

1012AH * 1021 vt 
PPP erg/ cm/ o AGc AGc(317K) 

mole% Ts,o Tm.~ molecule molecule erg/cm 2 kJ/mol k J/tool 

100.0 317.1 339.2 2.823 1.502 9.45 57.0 57.0 
71.0 315.6 337.7 2.648 1.500 9.06 56.1 64.6 
51.0 314.0 336.2 2.585 1.499 8.95 55.7 75.3 
20.5 307.0 329.2 2.567 1.491 8.95 53.7 180.7 

�9 : calculated from the data in ref. 8. 
�9 : calculated using the density data in ref. 18. 

i m m e d i a t e  ef fec t  a r i s i ng  f rom a sma l l e r  i n t e r f ac i a l  free 
e n e r g y  of /3-PPP/solut ion is a r e d u c t i o n  of t he  ac t iva -  
t ion  free e n e r g y  of nuc lea t ion .  Howeve r ,  n u c l e a t i o n  is 
r e t a r d e d  b y  the  s m a l l e r  deg ree  of s u p e r c o o l i n g  (T m -T)  
c a u s e d  b y  the  c o n c u r r e n t  l ower ing  of the  m e l t i n g  p o i n t  
of  p - P P P  in t he  so lu t ion .  Th i s  r e t a r d i n g  effect  is so 
g r e a t  t h a t  i t  o u t w e i g h s  t he  c a t a l y t i c  effect  of the  re- 
d u c e d  in t e r f ac i a l  free e n e r g y  a n d  hence  cause s  a d ras -  
t ic  inc rease  in t h e  a c t i v a t i o n  free e n e r g y  of n u c l e a t i o n  
a t  a n y  t e m p e r a t u r e ,  e.g. 317 ~  as  c a l c u l a t e d  f rom equa-  
t ion  [2]. Th is  imp l i e s  t h a t  n u c l e a t i o n  of /~-PPP is ren- 
d e r e d  more  s l u g g i s h  and  d i f f icu l t  to  occur  in a OOO 
so lu t i on  t h a n  in i t s  own mel t .  On  the  o t h e r  hand ,  if 
n u c l e a t i o n  is c a r r i ed  ou t  a t  t h e  r e s p e c t i v e  Ts of  the  
s o l u t i o n s  such  t h a t  t he  m a x i m u m  deg ree  of s u p e r c o o l i n g  
(Tm - Ts) r e m a i n s  c o n s t a n t  a t  22~  then  the  c a t a l y t i c  
e f fec t  of a r e d u c e d  i n t e r r ac i a l  free e n e r g y  b e c o m e s  no- 
t i ceable .  The  c a l c u l a t e d  a c t i v a t i o n  free e n e r g y  a t  t he  
r e s p e c t i v e  t e m p e r a t u r e  of  m a x i m u m  s u p e r c o o l i n g  
hGr s) i ndeed  s h o w s  a s t e a d y  d e c r e a s e  (Table  2) w i th  
an  i n c r e a s i n g  OOO c o n t e n t  in t he  so lu t ion  s tud ied .  
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