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A B S T R A C T  

Polymorphic b0havior of  palm o:1 crystals was 
~tt:(tied by DS(7 -~othern:al analysis and microscopic 
observation. Dif?erent crystal forms developed 
specific sphetulites cepending on the degree o~ ~uper- 
eoohng fro.-.r the melt. The A-tor:n crystal was 
capable of forming a dot ted spherulite and tire B-form 
crystal of forming a dendritic spheruIite. Experi- 
mental results of  B form crystal/ization studied by 
the DSC at~d a microscope under  kinetic cot'.ai~ons 
were evaluated using Avarami's theory, since the 
behavior ot  the oli during cry. stalF.7ation related well 
it> that of l:igh polymers. The <'rystalE~ation process 
was divined into nuc:ealion ar:d crysla:-growth phases 
to facilitate a theoret,.cal Irealmenl similar to thai of 
kigF, polymers, providing c[y_,tals pos-_essi~lg overall 
structural regularity. 

INTRODUCTION 

Oil crystals have been previously analyzed for tkeir 
polymorphic behavior using X-ray diffraction, tkermoaEaly- 
tic methods, etc., but some Mnetic aspects like crystal 
growth have yet to be explained (1-91. However, ~ome 
researchers ha~e made sfgnificant progress toward explain- 
b,g these a>pecls (I 0,11). 

It could be supposed in a I-road sense that oils behave 
like hJ.gh potymexs whet, .,ul.~:vcted to l.he cryslalti/.ation 
processes fro:n the melt, i.e., they pass through the stages 
of nucleation, activation, crystal growth and fhra!ly reach 
the end state of a crystal lattice (12L The crystalhzation 
process is the spontaneo-ts ordering of the system - the 
partial or complete restriction of motion in which tri- 
glyeeride molecules are being linked with each other  by 
cl',emical or physical bonds. Differences in crystal forms are 
the result of different molecular pack:rags (13-151. Hoetl  
{16) has L-tvestigated polymorphisnr and suggested that it 
influences the growth of cry. sial spherulites resdt ing  in 
different physical properties of  cry_stal forms. Under 
isothermal conditions,  crystals of palm oil are composed of 
A- and B- forms. A- and B- forms are only used as tentative 
terms in this report.  A form crystals are transformed to the 
other  torm under isotheltna[ ctm{l~t!tms r (luring the 
heating process, e.g., at a rate of 10OK/rain., hltt R-form 
cry. stals are stable. The spherulites are shown under a 
microscope to be identified with the~e different crystal 
forms, and the predominant  one is dep~ndenL 9n Llie 
condit ion of  supercooling. 

This pa0er also a t tempts  to clarify aspects of Clystal 
growth of the B-form in palm oil. The c13,stallization 
follows the two main phases of  nttcleation and clystal 
growth,  bat  it is very hard to separate them. Theoretically, 
it is possible to consider these proces~s  relative to crystalli- 
zation kinetics in high polymers. The theory was initi.ally 
constructed on low molecular weight materials such as 
metMs by Avrami (1%191 and Evans (20), the base of 
which was related to the theotj '  of  water droplet formation 
by Volmer et al. (211. it was extended to the cD'staJlizattm 
of high polymers by Mandelkern et al. (22,23). These 
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methods  were also developed hy Takayanagi et al. (24-28) 
with poly4ethylene succinate) and poly-(ethylene adipale); 
by Barnes et al. (29) with poly-(ethylene oMde); and :~y 
Kamide et al. (30,31 ) with isotaetic po-ypropylene.  

Barnes' (29) and Takayanagi's analytical methods 
(24-28) are probably best stated 1o the case of palm oil 
crystallization. The triglyceride molecules are combined lo 
form embryos by collision with each other a,rdlor wi:h 
foreign particles in the supercooled tacit of paim oil. W;:en 
they are charged with a certaLq activation energy whkch 
exceeds a critical level for nucleation, they initiate crystal 
growth. The cr~stal growth is composed of surface nuclea- 
tion a~d molecular transportation (d!ffusion). i.e.. mo:e  
molecules are tran-_-ported to adhere 1o Mlrface nuclei on 
spkeruEtes. Daughter crystals axe constafi l ly rut:lealed on 
the surface of  parent spherulites and finally cover them to 
link with acjacent daughter crystals. 

l l~ le~  polymorphir  changes occur-, the crystaihzaticlr 
whick passe~ through the above process seems to depend on 
supercooling, which is defined as the difference between 
the cry. stallizatitm lempcHlure  (T). and the melting paint  
(Tin), by DSC analysis. 

EXPERIMENTAL PROCEDURE 

Maturials 

The san:pie od was a com~lcrcially avai:able vehote palm 
oil f rom Malaysia with a 54_5 mdine val:,e and with the 
following fatty acid composi t ion (32): 43 .0%of  C16:0, 4.5% 
of O18:0, 3 9 . 5 % o f C t 8 : 1  and l l . 5 % o f C l S : 2 .  Thesample  
was Fd:ered with a membrane filter (Natgene Filter Untt: 
0.20 m-cronl to eliminate dust and other foreign particles. 

DSC Thermal Method 

A Perk_in Elmer Model DSC-2 was uacd. A. piece of 
imlyethylene terephthalate (12 ms) was sealed it. an alum- 
mum sample pan with a lid and used as a reference. Oi~ 
samples of ca. 9 mg were also sealed in sample ~ans and 
:add at 3~3~  for more than 5 rain to destroy cryslal nude:  
before each DSC scan. The temperature wa_~ n:piRly 
dropped under maximum programmed condit ionso(ca.  
-80"K/min ) and held at the desired temperature (291 K to 
.~05 K) for the isothermal crystallization. TEe starting 
point was .-lefir:ed as the rime when the indicating (~rcen) 

TAI~Lt_ l 

The Cons.lea1 "'n" and "z." Dorined by Avrami's Eqnation, Which 
Axe Due to tile Relation between the Nucleation 

aud the Spherulite Growth a 
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FIG. l. DSC isothermal crystallization carves of t)alm oil. Exothetmal rate (mcal/~er time in rain at various temperatures between 291 
and 301 ~ 1) C~ystal]izatien temperatme below 297 ~ K. Two exothermal peaks -I, -ll, 2) Crystallization teml~eratul~e of 299~ o~ higher. One 
exothelmal peak -II§ 

lamp lit on the DSC front panel, which meant  the system 
was under temperature control. The generated crystals were 
then heated from that temperature (29l  to 305~K) at a 
constant  rate of 10~ oz 40~K/min. to obtain the 
DSC heatzng curves, The peak temperature (~K) was ob- 
tained from DSC heating curves and used for determination 
of crystal forms. 

The bulk crystallization rate was calculated from the 
DSC isothermal crystallization curves. The area enclosed by 
a base line and an ezo thermN peak corresponds to the heat  
of crystallization, AH. The fraction of  crystals (C) at a 
given hme (t) was approximated by tile ratio of the integra- 
tion of  the exothermal rate, IdAH(t)[dt,  to the total area, 
AH, in accordance with the following equation. 

~t d t ) / & H  (I) d A N ( t )  C~( dt i 

t = o  

The equation developed by Avrami (17 -19 )and  Evans 
(20) was: 

1 ~ C -  exp (.zd n) (II~ 

where z was the zate constant  of crystallization and n was 
the constant  defined in accordance with the mechanism of  
crystallization, The relationship between z and n was 
deri~ed from the mechanism of nucleation and the 
morl3hology of spherulite growth, as designated in Table I. 

Equation (II) can be converted to (llI): 

l og  (- log  ( l -C) )  = I o g  ( z /2 .3 )  + n - l o g  t (ItI) 

The constant  terms of  log (z/2.3) and n can be determined 
from a linear equation of the relationship between log (- log 
( t -  O )  and log t. Therefore, as the relationship between C 
and t was  calculated from the DSC isothermal crystalliza- 
t ion curves of palm oil, the  kinetics of oil crystallization 
could be represented by equation (II). 

Microscopic Observation 

Oil crystals were observed under ~ microscope for their 

morphological changes under isothermal conditinns at 
different temperatures (295, 297, 299, 301, 303, 305 and 
307~ 

A Nikon microscope type S&e attached to a Nikon 
camera M-35S, with a magnification of x 400, was placed in 
a temperature control chamber at a temperature (within + 
I~ which was coincident with the DSC ts0thermal 
analygis. All equipment  was held in the temperature control 
chamber until an equilibrium was reached at the desired 
temperature for observation. The experiment started when 
the nrelted oil sample (393~K for 5 rain.) was dropped on 
the glass slide of the microscope within the control cham- 
ber. The sample thickness between the cover glass and the 
glass slide was kept between five to seven microns by using 
a constant thickness aluminum foil. The thickness was 
checked after each observation with a micrometer gauge. 

The growth of the dendritic spherulites was measured 
pho~ographJca31y at regular inter~als. Three determinations 
were made at each temperature,  Five or more spherttlites 
from different nucleation times were selected frcml the 
photographs, and their size was determined as an average of 
two crossed diameters m a constant direction. The rclatfon 
between spherulite size and developing time was found to 
be parabolic. The linear growth rate of the spheruYte at 
each isothermal crystallization temperature was then 
expressed as the slope of this parabolic crave during the 
initial phase of  crystal growth. 

RESULTS AND DISCUSSION 

Polymorphic Behavior of Palm Oil 

The effect  o f  sample si~c on crystallization behavior was 
studied by varying sample quantities from ca. 3 mg to ca. 
I 5 rag. It was found that 2-3 mg of sample was enough to 
cover the bot tom surface of the standard pan (DSC-2). 
However, sample sizes of 3 to 15 rag had no significant 
effect on the isothermal crystallization and heating curves 
except for the thermal peal< size. Therefore, a sample size 
of ca. 9 mg was chosen to apply for DSC studies in this 
experiment,  

Some representative curves of DSC isothermal crystalli- 
zahon are shown in Figure t. There are two exothermal 
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4) Sample e~oled, at 301~K, after peak -Jr. 

TABLE II 

Tempera$trre o f  tSnd,0thermal ]*eak in /-teating Curves vs. 
('.rys~allizat|on Tempera ture ,  Samples Crystallized I so lhe rma lb  

after Peak -II (Fig. I) ~nd Healed at 1 0 ~ K/Mr,  

isothermal 
eryst atliza ~ion 

tempera ture  t 'eak-top temp6rarure  in heMitlg eulwe~ CK)  

QK b I b 2 b 3 b 4 

291 29s.4 305.4 311.0 316.6 
293 298,4 307,0 3~1.0 316.6 
29$ 302.2 309.0 --- 317,6 
29g 304,4 3[0.4 --- 318.0 
299 30q,O 313.0 --- 
301 308.6 314.~ --  - 
303 3tl,2 316.4 . . . . .  
305 313,4 322.0 . . . .  

peaks which can be easily distinguished at crystallization 
temperatures below 297~ which are respectively termed 
peak-[ and peak-lI in order e f  generation in Figure 1-1. 
With increasing crystallization temperatures,  the generation 
of both peaks is rapidly delayed, until finally peak-I disap~ 
pears at temperatures of 299~K or higher. This is more 
obvious in Figure 1-2 which shows only peak-II appearing at 
temperatures of  299~ and 30r~  The differences among 
isothermally quenched crystals can be identified in the DSC 
heating curves (at a rate of  +10OK/min.) of Figure 2. The 
transition process under isothermal conditions is also shown 
in Fig. 2-2. These heating curves at the different stages of 
the isothermal crystallization were derived from the curve 
at 295~ (Fig. 1-1) at the  indicated positions t t , t 2, t 3 and 
t 4 corresponding to the development of peak-II. 

The crystals uf peak-I are transformed from the endo- 

I"IG. 3. SpheruIite growth cf palm oil under isothermai condi- 
tions 1)Isothermal crystallization temperature: 297~ correspond- 
ing to2 the generation of peak-1 and peak -U. 2) Isothermal crystalli- 
zation tenlperature; 303~K, corresponding to the generation of 
peak-II. 

thermal pe~ks at ca, 300 ~ 302~ tO the endothermal  
peaks at ca. 316 ~ 318~ by the recWstallization at ca. 
307QK under a heating condit ion of 10~ (Fig. 2-1, - 
2 left side). If the heating rate is fur ther  increased to 
+40~K/mita., the t ransformation is overcome by the rapid 
heating and the recrystallization does not occur. The only 
endothermai peak of peak-I crystals is shown at ca. 315~ 
in a heating curve of 40~ Such crystals are tenta- 
tively te rmed A-form, which shows tile endothermal  peak 
at r 300 ~ 302~ in a heating curve of 10~Kfinin. or zt 
ca. 315~ in a curve o f d O ~  

The crystals resuRing from the generation of peak II axe 
tentatively te rmed B-form. The right side of Figure 2 shows 
ti~e heating curves at a rate of 10 K/ram. after the genera- 
tion of peakdl  under isothermal conditions.  For each 
isothermal crystailization temperature listed on Table II, 
these heating curves are composed of the endothermal  
peaks b l ,  bp,  b 3 and b 4 in order of  increasing peak temper- 
atures, While bt  and b2 pea~s are observed at all temper- 
atures, on~y for isothermal crystallization temperatures 
below 297~ where both  A and B forms are generated, are 
the endothermal  peaks of b3 and be, (or ba alone) ob- 
served. The peak temperatures of  b 3 and b 4 are coincident 
with those of melting peaks of crystaks which are trans- 
formed from A d o r m  crystals at a heating rate of  10 Kfmin. 
Above 299~ B-form crystals only show endothermal 
peaks of  b 1 and b 2 in the heating curves and do not  contain 
crystals derived from the A-form. 

These different crystallizations (A-form and B-form)are  
also verified b~, microscopic observation, as shown in Figure 
3. Below 297-K,  dot ted crystals occur very rapidly at first 
and then are gradually surrounded by different crystal- 
shaped-like tufts  as in Figure 3-1. Above 299~ there are 
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FIG. 5. The relation between spherulite size and develeplng 
time for B-form crystallization at 303:K. The spherulite growth 
rate (G) equals the slope of parabolic curve during the initial phase 
of crystal growth. 

only dendrit ic spheruli tes and no dot ted  oI~es as in Fig. 3-2. 
Since these results coincide with DSC isothermal analysis, it 
appears tha t  A-form crystals formed at the beginning of 
isothermal  crystall ization (at  temperatures  below 297~ 
are related to the dot ted spherulites, while B-form crystals 
formed durirtg isothermal  crystallization (at tempera tures  
above 299~ were related to the dendri t ic  spherulites. 

It has previously been de termined  by Sumi e t a l .  (33) 
using an X-ray di f f rac tometer  tha t  palm oil contains beta- 
form crystals after the crystallization at ambien t  tempera- 
ture. Persmark et at. (34) has observed that  palm oil con- 
zains alpha-form crystals dnring tempering af ter  rapid 
quenching  and subsequently beta prhne-form crystals. 
Hoerr  (16) has also previously observed that  beta crystals 
grow to a size of several tens of  microns wtfile the alpha 
~:rystals are l imited to  ca. 5 microns ha size�9 A-form and 
B-form crystals by DSC isothermal  analysis al3pear to  be 
coincident  witk alpha-form and beta-form respectively. But  
flzey might  be contamina ted  with beta prime-form crystals 
in some cases. DSC studies of the polymorphic  behavior  of 

'TABLE Ill  

Linear Growth  Rare and Nucleation Rate of 
Sptlerulites i~ B-Form Crystals 

Temperature (3') Linear growth rare (G) Nucleation rate (1) 

~ Mic to a/Min )/Min. ~3 

3 . 3  2 . 4  X 1 0  - 8  

3 .7  1 . 6  X 1 0  "8  

2 . 7  1 . 2  X 1 0  - 8  

2 . 4  ~ -  

1 . 8  - -  

palm off will be described in detail relative to alpha, beta- 
prime, and beta-form crystallization in a subsequent paper. 

Thermodynamic Anarysis of Crystal Growth 
B-form crystals are easily recognized as spheruli te 

growth as they become much larger than A-form crystals. 
This difference can be used to advantage when applying 
AvramFs equat ion and calculating the linear growth rate of 
the  spherulite. 

The relation of the  weight percentage of B-form crystals 
(C) and the t ime (t) is measured from the isothermal curves 
at 299~ to 303~ shown in Fig. 1-2. But the beginning (C 
~< 11)%) and the ending stage (C i> 90%) are so gxeatly 
influenced by external factors tha t  they must  be disre- 
garded for the calculation of Avrami's  equat ion as is done 
in high polymer crystallization studies. The start of crystal- 
l ization is defined as the point at which the exothermal  
curves rise from the base line. The period between the start 
of  the system and the point  of crystall ization is also defined 
as the induction period where superficially there is no 
relat ion to the crystallization. -Ihese results are shown for u 
and log z]2.3 in Figure 4. The relationship between log (-log 
[1-C] ) and log t is almost  a straight line, the slope of which 
is near 4.0 at each crystaiIizazion temperature.  That  is, for 
the crystallization of B-form, the cons tant  " n "  of Avrami's  
equat ion is 4.0. 

The linear growth rates c',dculated from the photo-  
mierographs of dendrit ic spherulites are shown in Figure 5 
and found to be the same at each given temperature and 
independent  of the time of nucleation.  The average fate (G) 
at each crystallization temperature  is shown in Table Ill .  In 
the  case of microscopic observation,  it is noticeable tha t  the 
size of the B-form spherulites are finally several tens of 
microns greater than  the thickness between the cover glass 
on the microscope slide. But the spheruli te growth is no t  
influenced by the sample thickness in such cases. This has 
been previously proven by Kamide (31) with isotactic 
polypropyleae,  by Takayanagi (24) with poly-(ethylene 
adipate) and by Flory et al. (35) with  poly-(deeamethylene 
sehacate). The oil sample under  a microscope starts to 
nucleate more rapidly than  in a DSC, even at the same 
crystallization temperature .  That p h e n o m e n o n  seems to be 
caused by the different  saraple weight and conhgurat ton,  
aazd the different definit ion of the starting point, 

T]~e melt ing points  of the  oil crystals, which isotherm- 
ally crystallized at different temperatures ,  arc also defined 

�9 o . 
from the DSC heating curves (10 K / r a m . ) a s  the intersec- 
t ion of the base line and the tangent  line of the earle- 
thermal  peak as shown in Figure 6. Though palm oil is a 
mixture  with different triglycerides, its specific heat  can be 
assumed ; e  be almost constant  during crystallization in the 
same crystal form because they form a m~• crystal�9 The 
melt ing point  of palm oil, since i t  is no t  a pure substance, is 
iltfluenced by the  temperature  ~ondlt ion during crystalliza- 
t ion and varies for given crystals as shown in Figure 6, Such 
a p h e n o m e n o n  was previously irLdicated by Falkai (36), and 
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FIG. 6. Melting point of palm oil c/ystMs quenched isothermally 
a~ diflerent tetnpexaturcs, l'~om DSC heating carves. �9 - Melting 
point of B-foxrn Crystals; o _ Moiling point of B4'orm containing the 
transformed from A-form" X .-  Melting point i~ exZrapolated from 
the trend of curve below 305 K, This point will be used for the cal- 
culation : the spherutite grow=h vs. supercooling in Fig. 7. 

/enkel  and Wilsing (37) with high polymers like polypropy-  
lena. It implies that  high molecular  substances including 
fats and oils have no clear melt ing point  bu t  a melt ing 
range. 

Theoretical Study of Crystal Growth 

The crystallix~ation of palm oil (B-form) can be expressed 
as the process of  nucleat ion and crystal growth from the 
studies of Mandelkern (22,23),  Takayanagi (24-28) and 
Barnes (29).  The dendri t ic  spheruli te growth can be con- 
sidered as  the format ion of daughter  crystals wNeh are 
started by the surface nucleat ion and cover the surface of  a 
parent  crystal. In accordance with thei r  teachings, the linear 
growth rate of spherulite (G) is control led by surface 
nucleat ions wkich occur  uni formly on parent  crystals. Near 
the  mel t ing point  (Tin), bo th  the nucleat ion rate  (I) and the 
linear growth  rate (G) depend on  the supercooling condi-  
t ion (TIn-T). If surface nucleat ion is three-dimensional ,  th  e 
logari thms of the growth rate ( I n  G) should be propor-  
t ional  to Tm2/(Tm-T)2 T, or if  two-dimensional ,  this te rm 
should be proport ional  to  Tm](Tm-T)T.  

Since the linear growth rate (G) and the melt ing point  
(Tin) of  B-form crystals in palm oil are determined by  
microscopy (Table III) and  DSC studies (Fig. 6), respec- 
tively0 the relationship be tween In G and supercooling can 
be calculated for  bo th  cases: In  G vs. Tm2/ (Tm-T)2T or 
Tm/(Tm-T)T at a t empera ture  (T) as shown in Figure 7. It 
cannot  be d0termined whe the r  B-form crystals have two- 
dimensional  nucleat ion or three-dimensional ,  because the 
exper iment  is restr icted to a very narrow range of  tem- 
perature (299-307~ by the  DSC. The In G term appears 
to  be p~oportional  to  b o t h  temrs  of  Tm2/ (Tm-T)  i T  and 
Tm/(Tm-T)T.  

Tm2/(Tm-T)ZT 
LX 

2 o.o- 

i qo.  

~ '  I' i 

I .o o o.5 o 

I n G  

Trn I(Tm-T) T 
/ 

0.25 

o.2o 

FIG. 7. Supercooling (Tm-T) vs. Linear growth rate of sphemlite 
(In G). 

A v r a m i ' s t h e o r y  can be rearranged to appty to B-form 
crystals of  palm oil. The crystall ization mechanism of  this 
crystal form is t ound  to be composed of homogeneous  
nucleat ion and polyhedral  growth,  because this sample 
(passed through a membrane  filter) does not contain 
foreign particles and the cons tan t  " n "  of Avranli 's  equat ion 
equals 4 (as s ta ted earlier). The nucleat ion of  this crystal 
form is also found  to  be sporadic in time, because the. 
crystal growth  rate is the same at a given tempera ture  and 
independen t  of  the t ime of  nucleat ion as shown in Figure 5 
and  Table III. 

The rate cons tant  of crystall ization " z "  of Avrmni's 
equat ion is a funct ion of b o t h  the  nucleat ion rare (1) and 
the  linear growth rate (G) as shown in Table I, Theoret i-  
cally, this cons tan t  (z) appears to be dominated by the 
supercooling condi t ion near  the  melt ing point  as well as the 
terms I and G. Wl~en the constant  " z "  can be derived from 
measurements  with a DSC (Fig. 4)  and the rote " G "  from 
the  spherulite growth de te rmined  by microscopy (Table 
IIl),  the nucleat ion rate (I) can be calculated for each 
crystallization tempera ture  using the equat ion  in Table I. 
Such results are shown in Table III. Thus, even though  it  is 
generally hard to investigate the nucleat ion rate with 
microscopy for such high molecular  substances, the nuclea- 
t ion rate can be obta ined u~ing one of  Avrami's equat ions 
in Table I. 

From this work the DSC isothermal analysis has been 
shown to be quite useful no t  only for the  investigation of 
tire po tymorphism,  but  also for  investigating the kinetics of 
crystallization. 
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