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The morphology and kinetics of crystallization of tripalmi- 
tin have been examined in detail by optical microeco W. The 
a-crystallization process is characterized by a fast hetero- 
geneous nucleation and spherulitic growth, even at low 
undercooling, resulting in intense birefrlngence and smooth 
spheruiitie entities. Four different fJ'-microstructures have 
been found--grainy, fibrous, feathery and lamellar. Around 
47°C, a clear change from a grainy to a fibrous/3'-micro- 
structure is observed. This transition seems to take place 
without a drastic change in nucleation or in crystal growth. 
At 50°C, both nucleation and crystal growth exhibit a clear 
discontinuity, indicating interference from f~crystallization. 
Around 52°C, the ~'-form changes again from a fibrous to 
a more feathery microstructure; the transition is accom- 
panied by a distinct decrease in crystal growth rate. The 
lamellar ~'~tructure exhibits the highest stability and can 
be obtained only v/a an accelerated nucleation at low 
temperature, followed by further growth at elevated 
temperature near the melting temperature of the ~'-form. 
Determination of the/~-form on the basis of its microstruc- 
ture is not always precise, because the microstructure 
strongly depends on whether the/~-crystals are obtained 
from a transformation of a or f~', or whether ~.crystRlliza- 
tion occurs directly from the melt. Clear confirmation of 
the polymorphic nature of the solid state can be obtained 
from melting point determination. 

KEY WORDS: Kinetics, microscopy, polymorphism, tripAlmitin. 

The crystallization of triglycerides, the major constituent 
of oils and fats, is a key step both in the manufacture of 
fat products and the fractionation of fats and otis (1}. The 
crystnllization behavior is complex because triglycerides are 
characterized by the existence of multiple crystalline states. 
Because of the commercial importance of edible fats, inten- 
sive studies have been carried out on the crystallization 
properties of triglycerides for more than a century (2,3t. 

Determination of the polymorphic identity of a solid state 
is not always easy. Differential thermal analysis, X-ray dif- 
fraction and infrared spectroscopy are most commonly 
used to characterize the morphological forn~ Although 
polarizing microscopy has already found wide appreciation 
in the food industry, the technique has gained little atten- 
tion in polymorphism and crystallization studies of fats. In 
many applications of edible fats however the morphology 
and number of glyceride crystals determine the suitability 
of the fat for a given purpose 

The present paper is part of a fundamental study on the 
polymorphism of monoacid triglycerides (4). In this work, 
the polymorphic behavior of the triglyceride tripalmitin is 
studied by the optical microscopic techuiqua The study 
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focuses on the relation between the crystallization behavior 
of the different polymorphic forms and their morphologic 
appearances. 

In previous papers, X-ray diffraction and thermal analysis 
studies have established the existence of three different basic 
polymorphic forms (a, p" and/3) for tripalmitin, with the 
characteristics of the/3'- and 13-form being strongly affected 
by the crystallization conditions (5,6). As for the/3'-form, 
the existence of multiple subforms has been claimed (7,8). 
No definite proof, however, could be given to substantiate 
both submodifications. Early microscopic studies of the 
polymorphic forms of single-acid triglycerides have shown 
that the crystal forms exhibit a wide range of microscopic 
appearances (9,10). Quimby reported four basic textures for 
the three basic polymorphs, two being correlated with the 
f~'-form (11). Recent studies with differential scanning calori- 
metry, X-ray diffraction and synchrotron radiation have led 
to a reassessment of these earlier reports (5,6). Most of these 
observations were found to be reproducible and can now be 
interpreted in terms of spherulite microstructum 

EXPERIMENTAL PROCEDURES 

Tripalmitin (PPP) was purchased from Sigma Chemical 
Co. (St. Louis, MO). It had a purity of more than 99% and 
was used without any further purification. The optical 
microscope used was a Leitz Dialux 22EB equipped with 
a Wild Photomat MPS45 camera. The objective was a 4x 
(NA 0.12) or 10x (NA 0.25); the ocular was 12.5x for visual 
observation and 10x (TL 160 ram) for photography. Mag- 
nification was verified with a Reichert graduated plate (2 
mm divided into 200 segments of 10/~m). The microscope 
had a fixed analyzer above a rotatable polarizer below the 
sample Temperature control was achieved with a Mettler 
FP82 hot stage equipped with an FP80 controller. Sam- 
ple thickness was not systematically monitored, but was 
estimated to be approximately 10/nn. 

Identification of the crystal structures was done by stu- 
dying the melting behavior immediately after crystalliza- 
tion by heating the samples at a rate of 5°C/min. The 
melting points were registered visually under the micro- 
scope, and were 44-46, 57-59 and 65-66°C for a,/3' and 
~, respectively. 

RESULTS AND DISCUSSION 

Morphology. Depending on the crystallization conditions, 
tripalmitin can crystallize into different polymorphic 
forms, each form being characterized not only by its typi- 
cal structural and thermal properties but also by a mor- 
phological appearance To find out how the morphology 
of the solid state is determined by the crystallization con- 
ditions, samples of tripalmitin were crystallized isother- 
mally from the isotropic melt at temperatures between 
42 and 58°C. Prior to the crystallization step, the samples 
were kept at 80°C for 3 rain, then cooled at a rate of 5°C/ 
rain to 3°C above the crystallization temperature, and fur- 
ther to the desired temperature at a rate of 2°C/min to 
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FIG. 1. Optical micrographs of the different polymorphic forms of 
tripalmitin after isothermal crystallization from the melt at 42, 46, 
47, 48, 50, 51, 52, 54, 56 and 58°C (a-j) (magnification 80x; 1 cm = 400 
~). The/~'-lamellar structure (k) was obtained by nucleation induc- 
tion at 47°C for about 20 s followed by crystal growth at 56.5°C. 
After 30 rain at 56.5°C, the sample was quickly cooled to 25°C in 
order to stop both the/]'- and Z-crystallization processes. Photo m 
was taken at the edge of the covemglass during the isothermal 
crystal,7.ation of tripalmltin at 51°C (magnification 20x; 1 cm = 1,600 
~m). 

avoid temperature undershoot. Optical micrographs of the 
different crystal structures were taken at the crystalliza- 
tion temperature and are represented in Figure 1. 

At 42°C, tripaimltin is crystallized quickly into the a- 
form. The a-crystallization process is determined by a fast 
heterogeneous nucleation. The a-form is characterized by 
a bright spherulitic pattern (Fig. la). The spherulites fit 
tightly together, which results in sharp and straight edges. 
The spherulite size is strongly dependent on the nuclea- 
tion density and can vary considerably from one place to 
another in the sampl~ 

At 46°C, a dense packing of 3'-spherulites is observed. 
The anisotropy of the spherulites is much less than ob- 
served for the a-form, and they barely stand out against 
the background (Fig. lb). The contours of the spherulites 
can be observed only vaguely. Photography of fast-grow- 
ing spherulites under these circumstances is hampered by 
the requirement of long exposure times. When crystAlllza- 
tion is completed, the spherulites are fused into a feature- 
less mass of tiny, irregular grains with random polariza- 
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tion. This lack of preferred orientation within the spheru- 
lite can explain the low contrast, because the superposi- 
tion of grains with opposite orientation results in a near- 
zero path length difference. 

At 47°C, the same material is produced, but growth rate 
is lower. Als~ an increase in anisotropy (double refraction) 
can be seen; the spherulites are contrasted more sharply 
against the background (Fig. lc). At 48 °C, a spectacular 
change in spherulite structure occurs. The spherulites can 
be observed clearly and show a fibrous structure (Fig. ld). 
The fibers are severely contorted but clearly run out- 
ward radially. At 50°C, a similar/j'-structure is found. 
However, obtaining a sharp focus is difficult (Fig. le). The 
fibers seem to be densely packed, but the spherulite 
centers are less well organized then at 48°C. At 51°C, the 
/j'-spherulites still consist of a fibrous solid material, but 
they are packed less densely (Fig. lf). This can be seen 
especially at the borders of the spherulites (absence of 
sharp edges). 

At 52°C, two different cryst~nization processes are man- 
ifested--a/3-polymorph, recognizable as nonspherulitic 
clumps of bright small grains, and/j'-spherulites {Fig. lg). 
Nucleation is more frequent in the/~-polymorph than in 
the/j'-form. The/J-clumps show a fast increase in size, not 
by regular growth but by convection of fluid, carrying the 
small grains away from the nucleation site. This mode of 
growth, however, is stopped by an overgrowth of/~'-fibers. 
The sample then reverts to normal spherulitic/~'-growth. 
These {~'-fibers are thicker and less densely packed than 
at 51°C, and an open, feathery, branched structure some- 
times can be seen. 

At 54°C, a simultaneous production of/~ and/j'-crystals 
still occurs. The/3-fibers are now of a featherlike nature 
and are even less densely packed (Fig. lh). The grainy 
form now grows as fast as the open-feather/3'-spherulite 
that harbors it, and the/j-grains can sometimes break out 
in convective flows. The/j-form can show different degrees 
of organization inside the ~'-spherulites. 

At 56°C, /j'-nucleation is impractically slow, and /j- 
crystallization has now become dominant. The ~form can 
exhibit different microstructures. When originated via/j '-  
induction, it is present as small but  intensely refracting 
grainy pellets (Fig. li, left part). The initial/j'-spherulitic 
pattern can still be observed weakly. In other parts of the 
sample, f~nucleation appears directly in the isotropic melt 
without being induced by a/j'-nucleation, and it is followed 
by a clear spherulitic growth (right part of Fig. li). At 
58°C, the melt directly crystnllizes to/j, but at an extreme 
ly slow rat~ resulting in larg~ leaflike lamellar structures 
(Fig. lj). 

/j'-Crystalilzation at high temperatures (above 54 °C) can 
be favored by keeping a molten sample first at a low 
temperature for a short period (10 s) to accelerate nuclea- 
tion, and then allowing further crystal growth at an 
elevated temperatur~ Nucleation at 47°C for 10 s, follow- 
ed by growth at 56.5°C, gives rise to large lamellae, ap- 
pearing isolated or arranged in a spherulitic pattern {Fig. 
lk). The lameUar/j'-form is characterized by high stabili- 
ty. Even at such a high crystallization temperature, re- 
crystallization to/j  was found to take place very slowly; 
after 2 h at 56°C, ~'-lamellae could still be observed in the 
sample. 

In a previous paper, the crystallization behavior of tri- 
palmitin was studied with differential scanning calori- 

metry (DSC) under analogous conditions (5). Some simi- 
larities between the DSC measurements and the present 
results can be found--a-crystallization below 44°C, /3'- 
nucleation and growth between 44 and 50°C and in- 
terference from/j-crystallization above 50°C. A striking 
difference is the proliferation of the fi-form once nucleated 
in DSC; in microscopy, this proliferation seems to be 
halted by overgrowth of a/j'-layer. Between the glass 
plates, the/j'-crystallization process is found to be much 
less disturbed by/~crystallization than at the edges of the 
cove~glass. Even at temperatures up to 56°C, growth of 
/j'-spherulites could be monitored thoroughly between 
cover- and carrie~glass. When uncovered, however, f~ 
crystals were developed quickly above 50°C, resulting in 
a typical bloomed structure (Fig. lm). Consequently, the 
two-dimensionality of the microscopy sample clearly 
obstructs the/j-crystallization process. If such is the case, 
then the apparent instability of the/j'-form (that prevents 
production of large/J'-crystals in the bulk) is not an in- 
herent/j'-property, but simply a consequence of the fast, 
nonspherulitic~ three-dimensional growth mechanism of 
the competing/j-form. 

Dependent on the sample history, the/~-form can exhibit 
a wide variety of microstructures (Fig. 2). To study the 
morphologic changes during the transition of a to/~ a sam- 
ple of tripalmitin, after being crystallized into the a-form 
at 42°C, was heated from 42-60°C at different rates (2 
and 20°C/min, respectively), and then kept at this 
temperature for 15 rain. At low heating rate (2°C/rain), 
crystallization to / j  occurs almost without a change in 
microstructure (Figs. 2a and 2b). During the transition 
to/j, small cracks and voids appear in the crystal phase; 
this is a consequence of the higher density of the/j-crystal 
packing as compared to the a-form. The/j-spherulites ex- 
hibit a somewhat rougher surface as compared to the 
smooth a-crystals. 

Upon heating the a-form at a high rate (20°C]min), the 
a-spherulitic structure is lost. Due to the fast increase in 
temperature, the a-melt does not immediately recrystallize 
to/J, but  becomes isotropic (complete loss of intensity be- 
tween crossed polarizers). The/J-recrystallization process 
is characterized by a high nucleation density and occurs 
in a random way; a highly disordered and grainy micro- 
structure can now be observed (Fig. 2c). The voids result 
from a contraction of the solid phase during the recrystal- 
lization to/3. 

Upon crystallizing/3 from a grainy/j'-form, previously 
crystnlllzed at 46°C, the microstructure clearly changes. 
A considerable increase in birefringence can be monitored 
during the/j'-/3-transition (Figs. 2d and 2e). The bright, 
grainy ~form already starts to appear during melting of 
the/J'-material. 

During the crystallization process of the /3'-form at 
49°C, small/j-crystals frequently appear in the centers of 
the/j'-spherulites (Fig. 2f, bright spots). When slowly rais- 
ing the temperature to 60°C (2°C/min}, the/J'~crystal form 
melts but  is not immediately recrystnnlzed to/j, although 
/3-crystals are already present; the p-recrystallization pr~ 
cess occurs at a much slower rate as compared to the/j'- 
form crystallized at 46°C. Two /~-recrystalllzation pro- 
cesses are evident: At the centers of the/3'-spherulites, the 
/j-crystals slowly develop with retention of the initial 
spherulitic organization of the/j'-form, while at other 
places, where the/j '~Tstal  structure is completely molten, 
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FIG. 2. Optical micrographs of different ~miereatructures (magnification 133x, 1 cm = 106 ~m}. s. ~Form, 
obtained upon cooling an isotroplc melt from 90-40°C at n rate of 5°C/rain. b./~Form, after slowly heating 
an a-form from 40-60°C at 2°C/min and keeping at 60°C for 15 min. c~/~Form, after quickly heating an ~- 
form from 40-60°C (>20°C/min} and keeping at 60°C for 15 min. d. ~'-Form, crystallized from the melt at 
46°C for 10 min. e. f~Form, obtained after slowly heating the ~'-form from 46-60°C at 2°C/min and keeping 
at 60°C for 15 min. f. ~'-Form, crystallized from the melt at 49°C for 20 min. g./~Form, obtained after slowly 
heating the/3'-form from 49-60°C at 2°C/m|n and keeping at 60°C for 15 min. h. f~Form after crystallization 
from the isotropie melt at 58°C, with a nucleation induction (20-30 s) at 46°C. i./~Form, directly crystAiliT.ed 
from the isotropie melt at 58°C (magnification 53x; 1 cm -- 266/~n}. 

a less intensely birefringent and more disordered/3-form 
appears (Fig. 2g). 
When the isotropic melt is left for 20-30 s at 46°C, 

followed by a further crystallization at 58°C, diamond- 

shaped/3-crysta ls  can  be mon i to red  which, u p o n  prolong- 
ed s t ay  a t  58°C, resu l t  i n  spheru l i t i c  s t r u c t u r e s  bu i l t  u p  
of l amel la r  en t i t i e s  {Fig. 2h). Nuc lea t ion  i n d u c t i o n  a t  46 ° 
c lear ly  accelerates  the /3-crys ta l l iza t ion  process which, in  
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turn, affects the morphology of the crystalline phase 
Crystallization of 13 from the isotropic melt at 58°C with- 
out nucleation induction at a lower temperatur~ results 
in large, leaflike lamellar structures {Fig. 2i). 

The microstructure of the/3-form strongly depends on 
whether the/3-crystals are obtained v/a recrystallization 
from the a- or ~'-form, or whether the p-crystallization oc- 
curs directly from the isotropic melt. The heating rate dtm 
ing the transition process, as well as the nucleation den- 
sity, strongly determines the morphology of the E-crystal 
form; a higher heating rate causes a more pronounced 
melting {partial or complete) during the transformation 
process, which results in more flow or convection and, 
henc~ more pronounced destruction of the microstructure 
of the initial phase Clear confirmation of the polymo~ 
phic identity can be achieved by melting point deter- 
mination. 

Nucleat ion  and growth rates. During the isothermal 
crystallization processes of tripalmitin at different crystal- 
lization temperatures, nucleation and spherulite growth 
rates also have been monitored. The nucleation rate was 
obtained by counting the number of nuclei appearing per 
unit of time in an observation field of 700 by 1000 ~m. 
Spherulite growth rates were measured optically with a 
graduated occular by following the increase in spherulite 
radius as a function of t ime 

The crystal growth rate of the a-form is difficult to 
measure due to the high crystallization rates. The a-form 
is characterized by an extremely fast hetexogeneous n u d e  
ation, even at low undercooling. At 43.5°C, the crystslllza- 
tion rate was sufficiently slow to allow photographic 
measurement of the a-spherulitic growth rate, about 140 
/~m/min. The crystallization kinetics of the ~'-form are 
strongly dependent on the temperature and, henc~ on the 
degree of undercooling. In Tables I and 2, the growth and 
nucleation rates of the f~'-form are given as a function of 
the crystallization temperatur~ When the logarithm of 
the linear growth rate is plotted against the inverse of the 
undercooling, three linear segments can be observed which 
intersect around 50 and 52°C {Fig. 3b) {12). The unde~ 
cooling is defined as the difference between the highest 
/3'-melting temperature {58.5°C) and the crystMllzation 
temperatur~ For the nucleation rate (as established by 
counts of nuclei) a similar picture, with two linear 
segments intersecting at 50°C, is obtained by plotting the 
logarithm of the nucleation rate against the inverse of the 
undercooling squared (Fig. 3a) (12). 

Both nucleation and crystal growth show a discontinui- 
ty  at 50°C, which corresponds well with earlier studies, 
where/3-crystallization was found to become dominant 
above 50°C (5,13). The crystallization kinetics, as re- 
flected by DSC, however, point to an almost exclusive 
/3-crystanization above 50°C, with/3'-crystallization being 
almost completely suppressed {5). In microscopy, on the 
other hand, the fast nonspherulitic growth of the/3-form 
is restricted by an overgrowth of/3'-spherulites. It seems 
that  this containment allows thin samples to crystallize 
in the/T-polymorph at higher temperatures than is possi- 
ble with bulk samples. Another factor favoring/3'-crystal- 
lization in thin samples is the increased/3'-nucleation rate, 
due to the larger surface-to-volume ratia The intersection 
at 52°C, observed in the spherulite growth rate, cor- 
responds to the transition of a fibrous to a feathery/3'- 
fornt Consequently, the radial growth rate seems to 

TABLE 1 

Spherulite Growth Rate of Tripalmitin from the Isotropic Melt 
CrystAllization 
temperature Growth rate 

(°C) (~mJndn) 
45.0 30.9 
46.3 25.8 
47.0 27.8 
47.2 21.8 
47.6 24.2 
47.8 22.8 
48.3 21.6 
48.5 20.0 
49.1 17.4 
50.0 14.6 
50.5 14.4 
51.0 14.4 
51.5 12.8 
52.0 11.7 
53.0 10.2 
54.1 8.6 
55.0 7.5 
56.5 4.0 

TABLE 2 

Nucleation Rate of TripRImitin from the Isotropic Melt (number 
of nuclei counted per min in an area of 700 X 1000 I~n and a sample 
thickness of 10 Ih 

Crystallization 
temperature Nucleation rate 

( o C) (nuclei/rams/rain) 

45.0 18710 
46.3 6640 
47.2 3410 
48.3 1130 
49.2 108 
50.1 54 
48.9 750 
49.0 400 
50.0 214 
50.5 150 
51.0 157 
51.5 III 
52.0 41 

be negatively affected by a growth in the tangential direc- 
tion. 
Microscopic observation of spherulite nucleation and 

growth as function of temperature has confirmed the in- 
terpretation of earlier DSC experiments (5). The change 
from/3'- to/~-crystalllzation at 50°C is confirmed, and is 
shown to be caused by a nonspherulitic growth mech- 
anism for the/3-form at this temperatur~ This fast growth 
of the/3-form, characterized by convective liquid flow, has 
also been observed in microscopy; in the latter case, 
however, it is restricted by an overgrowth of/3'. It seems 
that this containment allows thin samples to crystallize 
in the/3'-polymorph at higher temperatures than is possi- 
ble with bulk samples. Another factor favoring/3'~rystal- 
lization in thin samples is the increased/]'-nucleation rate, 
due to the larger surface-to-volume ratia The a-crystal- 
lization process is characterized by a fast heterogeneous 
nucleation and spherulitic growth rate, even at low unde~ 

JAOCS, Vol. 69, no. 9 (September 1992) 



CRYSTALLIZATION OF TRIPALMITIN 

911 

12 

10 

i" 
4 

Nucleat ion 

. 

a 

4.00 

3.50 

3.00 

0 
2.50 

2.00 

Spheruli te growth 

S 

S 2  

2 I = I a 1 . 5 0  = = 

0.00 0.05 O. 10 O. 15 0.20 0.25 0.00 O. 10 0.20 0.30 
( E -  1) 

1/(Trn-T} 2 1/(TIn-T) 

(a) (b) 

FIG. 3. Nucleation and crystal growth rates of tripMmitin, a. Logarithm of the nucleation rate of tripalmitin, measured during isothermal 
crystallization at different temperatures between 45 and 55°C vs.  t h e  inverse squared undereooling Ireference melting temperature of 
the ~'-furm, 58.5°C). b. Logarithm of the linear growth rate of the/f-form of tripalmitin, measured during isothermal crystall|~.ation at 
different temperatures between 45 and 55°C vs.  the inverse undercooling. 

cooling, resulting in intense birefringence and smooth 
spherulitic entities. 
Four different ~'-microstructures have been observed-- 

grainy, fibrous, feathery and lamellar. Around 47°C, a 
drastic change from a grainy to a fibrous/~'-microstructure 
has been detected. The transition seems to take place 
without drastic change in nucleation or crystal growth. 
Around 52°C, the/Y-form changes again, from a fibrous 
to a more feathery microstructure. The fibrous-feathery 
transition is accompanied by a distinct decrease in crystal 
growth. Consequently, the radial development of the ~'- 
spherulites is negatively effected by a growth in the 
tangential direction. 
The lamellar/3'-structure exhibits the highest stability 

and can only be obtained by an accelerated nucleation at 
low temperature, followed by further growth at elevated 
temperature near the melting temperature of the/3'-forrrL 
Determination of the/~form on the basis of its microstruc- 
ture is not always precise, because the microstructure of 
the ~-form strongly depends on whether the/~crystals are 
obtained from a transformation process of a or/3, or 
whether lYcrystallization occurs directly from the isotropic 
melt. The mobility of the molecules during the transition 
processes, as well as the nucleation density, strongly dete~ 
mines the morphology of the/3~Tystal form; the more pro- 
nounced the melting process {partial or complete) during 
the transformation process, the more flow or convection 
occurs, and the more the structural pattern of the initial 
crystal phase is wiped out. 

The wide range  of morpholog ies  makes  it  diff icult  
some t imes  to  ident i fy  p o l y m o r p h i s m  on t he  bas is  of 
microscopic  a p p e a r a n c e  Clear  con f i rma t ion  of the  
po lymorph ic  iden t i ty  of the  solid s ta te  can  be achieved 
by  me l t ing  po in t  de te rmina t ion .  
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